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Anisotropy Spectra of the Solvent-Sensitive Fluorophore 4-
Dimethylamino-4'-Cyanostilbene in the Presence of Light
Quenching1
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Joseph R. Lakowicz2,4

INTRODUCTION

Since the pioneering reports of Weber [1,2], fluo-
rescence anisotropy measurements have become exten-
sively utilized in biochemistry [3-5] and clinical
diagnostics as so-called fluorescence polarization im-
munoassays [6-9]. In biochemical applications the time-
resolved anisotropy decays are particularly informative
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We examined the emission wavelength-dependent anisotropies of the solvent-sensitive fluorophore
4-dimethylamino-4'-cyanostilbene (DCS) under conditions of light quenching by polarized time-
delayed quenching pulses. Illumination on the long-wavelength side of the emission spectrum with
time-delayed light pulses resulted in a progressive decrease in the emission anisotropy as the
observation wavelength increased toward the stimulating wavelength. The anisotropy changes of
DCS were most wavelength dependent when spectral relaxation occurred during the excited-state
lifetime. Light quenching of DCS in a low-viscosity solvent revealed no wavelength-dependent
anisotropies. Control measurements using a solvent-insensitive fluorophore did not show any wave-
length-dependent anisotropy with light quenching. The data for DCS can be explained by a model
which allows wavelength-selective quenching of the long-wavelength emission formed by time-
dependent spectral relaxation. These results indicate that polarized light quenching can be used to
study systems which display multiple emissions and/or time-dependent spectral shifts.

KEY WORDS: Anisotropy; 4-dimethylamino-4'-cyanostilbene; light quenching; time-resolved fluorescence.

[10] because they can reveal the size, shape, and flexi-
bility of biopolymers [11-14].

At present, essentially all measurements of the
time-resolved anisotropies have relied on the use of a
single polarized excitation pulse, followed by measure-
ment of the time-dependent anisotropy decays. We now
describe a new type of anisotropy measurement in which
the anisotropy is altered during the excited state life-
times. To be more specific, the sample is excited with a
continuous train of excitation pulses (Scheme I). Follow-
ing each excitation pulse the intensity and anisotropy
decay as usual. However, we now describe the use of a
second, longer-wavelength pulse, which is delayed in
time relative to the excitation and whose wavelength
overlaps the emission spectrum of the fluorophore. As
shown in pioneering reports [15-18], illumination with
such wavelengths results in stimulated emission along
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Scheme I. Effect of time-delayed light quenching during the intensity
and anisotropy decay. The arrows indicate vertically polarized exci-
tation and quenching.

Scheme II. Schematic description of excited-state spectral relaxation
(top) and the effects of light quenching on the emission spectra (mid-
dle) and emission anisotropy spectra (bottom).

the axis of the long-wavelength beam. When observed
perpendicular to the direction of the long-wavelength
beam, the emission appears to be quenched, and hence
the term "light quenching" to describe this phenome-
non. In recent years we have shown that light quenching
can be accomplished with modern Picosecond lasers
[19,20] and that time-delayed light quenching results in

step changes in the intensity and anisotropy decays
[21,22].

To avoid a misunderstanding, we note that light
quenching is not the same as stimulated emission pump-
ing (SEP) and that these terms are sometimes used to
mean different types of experiments. In SEP, one ob-
serves the stimulated emission, which is always at the
same wavelength in the probe beam. In light quenching,
the signal is observed at a right angle to the probe beam.
The observed signal is due to the excited-state popula-
tion which remains in the sample in the presence of the
light quenching beam. Occassionally, the term SEP has
been used to describe light quenching experiments, the
so called "pump-dump" studies of excited-state reac-
tions [23,24]

We now describe the effects of light quenching on
the anisotropy spectra of a solvent-sensitive fluorophore,
4-dimethylamino-4'-cyanostilbene (DCS). This probe is
known to display emission spectra which are highly sen-
sitive to solvent polarity [25], and the emission spectra
display time-dependent spectral shifts at suitable solvent
viscosities [26]. This fluorophore can be considered as
displaying an excited-state process which shifts the
emission to longer wavelengths (Scheme II). Hence, this
system can be regarded as a model system for the rapid
spectral changes which are generally known to occur in
polar solvents [27—29] and in multichromophore systems
such as the phycobiliproteins [30,31].

It should be noted that the fluorophore must display
suitable spectral properties to be studied by light quench-
ing. In most laser systems, a limited range of wave-
lengths is available. In the present experiments, the
probe DCS was excited with the UV frequency-doubled
output of a dye laser. A favorable property of DCS was
its high fundamental anisotropy with UV excitation. The
most important property of the probe is spectral overlap
with the long-wavelength light quenching beam. The
large Stokes' shift displayed by DCS provided such
overlap.

In the present experiments DCS was illuminated
with both a UV excitation pulse train and a longer-wave-
length quenching pulse train. Since the relaxed state
overlaps more strongly with the quenching wavelength,
one expects selective quenching of the longer-wave-
length emission (Scheme II, middle). Since the quench-
ing beam is vertically polarized, and since light
quenching displays orientation photoselection similar to
absorption [32], the anisotropy is expected to decrease
with light quenching (Scheme II, bottom). However, it
was not clear whether the decrease in anisotropy would
occur uniformly across the emission spectrum or
whether the decrease would be localized in some region
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Fig. 1. Effect of time-delayed light quenching on the emission spectra
of DCS in ethylene glycol at 20°C.

Fig. 2. Light quenching of DCS in propylene glycol at 20°C.

of the spectrum. We note that the present measurements
are stationary or steady-state measurements, while the
sample is repeatedly illuminated by the excitation and
quenching beams.

The observed anisotropy along the emission spec-
trum may depend on many molecular processes such as
multiple relaxations or rotations. Although the complete
theory is presented (in the Appendix), we show that rel-
atively simple intuitive model is able to describe quali-

tatively observed dependences. In this first report we do
not attempt to fit the data to a complete model but,
rather, describe the phenomenon on an intuitive base.

MATERIALS AND METHODS

The experimental arrangement for light quenching
of DCS has been described previously [33], wherein we
described spectral shifts of DCS with light quenching.
Light quenching with time-delayed pulses requires pre-
cise timing between the excitation and the quenching
pulses. This was accomplished using the frequency-dou-
bled (285- to 310-nm) and fundamental (570- to 620-
nm) outputs of a rhodamine 6G dye laser, synchronously
pumped by a mode-locked argon ion laser. The pulse
repetition rate near 2 MHz was obtained using a cavity
dumper.

The sample containing 4-dimethylamino-4'-cyanos-
tilbene (DCS) is placed in a standard 1 X 1-cm cuvette,
and a spatially defined region of the emission was ob-
served through a 200-(im slit. The concentrations of
DCS were near 10-5 M in ethylene glycol (EG) or pro-
pylene glycol (PG), as calculated from the extinction
coefficient of 31,000 M-1 cm-1 at the absorption maxima
near 380 nm. To obtain locally intense illumination the
two beams were focused to about 20-mm-diameter at the
center of the cuvette using a concave mirror with a focal
length of 25 mm.

The light-quenching optics were placed in a 10-
GHz frequency-domain fluorometer [34,35]. Emission
spectra were obtained using an optical fiber to bring the
emission to a steady-state fluorometer.

RESULTS AND DISCUSSION

Emission Spectra Properties of DCS

Prior to describing the effects of light quenching on
DCS, it is informative to understand the spectral prop-
erties of DCS in polar solutions. Emission spectra of
DCS in ethylene glycol are shown in Fig. 1 and in pro-
pylene glycol in Fig. 2. At 20°C the emission spectra
are shifted to a long wavelength relative to that observed
in vitrified solution, in which solvent relaxation occurs
more slowly than emission. At — 60°C the emission
maxima of DCS in ethylene glycol and propylene glycol
are near 470 nm (not shown). The emission spectra at
20°C are representative of the solvent relaxed state of
DCS. In a previous report [33] we showed that at 20°C
spectral relaxation occurs predominantly in less than 5
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Fig. 3. Emission anisotropy spectrum of DCS in ethylene glycol in
the absence (no L.Q.) and presence (+ L.Q.) of light quenching.

ps, with a residual relaxation on the 100- to 200-ps time
scale. These relaxation times are much shorter than the
mean decay time near 1 ns, so that the relaxed state
dominates the emission spectrum.

Effects of Light Quenching on the Emission Spectra
of DCS

The effects of light quenching on the DCS emission
spectra were reported previously [33] but are summa-
rized here to clarify presentation of the anisotropy data.
We questioned whether light quenching on the long-
wavelength side of the emission would result in selective
depletion of the solvent-relaxed state or uniform deple-
tion of DCS at all emission wavelengths. Emission spec-
tra are shown in Fig. 1 for unquenched DCS, and for

light quenching at 575 nm with a delay time of 48 ps,
both in ethylene glycol at 20°C. The intensity normal-
ized spectra show that the emission spectra are blue
shifted by 575-nm light quenching. These results dem-
onstrate that light quenching selectively occurs for the
solvent relaxed state whose emission spectrum overlaps
with the light quenching wavelength.

Emission spectra for DCS in the more viscous sol-
vent propylene glycol are shown in Fig. 2. One notices
that the spectral shift for td = 48 ps is severalfold larger
than observed in ethylene glycol under similar condi-
tions (Fig. 1). This is consistent with the previous results
[33] showing that the spectral relaxation of DCS in pro-
pylene glycol is slower than in ethylene glycol.

Effects of Light Quenching on the Emission
Anisotropy Spectra of DCS

We next examined the emission anisotropy spectra
of DCS. In the absence of light quenching the anisotropy
of DCS was found to be essentially independent of emis-
sion wavelength (Fig. 3). The constant emission anisot-
ropy is probably the result of rapid spectral relaxation,
so that there is only a modest difference in the mean
lifetime of the excited state on the blue and red sides of
the emission. Wavelength-dependent anisotropies of
DCS due to spectral relaxation can be observed in pro-
pylene glycol at lower temperatures, where the spectral
relaxation time is expected to be comparable to the life-
time (Fig. 4).

Upon illumination at 575 nm the anisotropy spec-
trum displays a strong dependence on emission wave-
length (Fig. 3). The decreasing anisotropy at long
wavelengths indicates that light quenching can in fact
selectively deplete the relaxed state. The fact that the
anisotropy decreases reflects incomplete light quenching
of the relaxed state. At long wavelengths the emission
is due to that fraction of DCS molecules which have not
been quenched by the vertically polarized quenching
pulse. These unquenched DCS molecules are not aligned
with the vertical axis, so that the anisotropy of the emis-
sion is decreased [22]. On the blue side of the emission
the anisotropy is unchanged by light quenching, which
indicates that the unrelaxed DCS molecules are not
quenched by the 575-nm illumination. Although not pos-
sible with our present instruments, light quenching on
the blue side of the emission should selectively quench
the unrelaxed state.

Still more dramatic effects were observed for DCS
in propylene glycol. In this case the unquenched anisot-
ropy is higher (Fig. 5), and the wavelength-dependent

Fig. 4. Emission anisotropy spectra of DCS in propylene glycol at
various temperatures.
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decrease in anisotropy is larger. And, finally, control ex-
periments on the solvent-insensitive fluorophore acridine
orange show a decrease in anisotropy due to light
quenching (Fig. 6). However, the anisotropy remains
constant across its emission spectrum independent of the
extent of light quenching.

These changes in emission anisotropy were ob-
served only when spectral relaxation occurred during the
excited-state lifetime. If the solvent was changed to
methanol, so that relaxation was complete at 20°C, then
the anisotropy remained constant across the emission
spectrum (not shown).

Simplified Model for the Effect of Light Quenching
on the Emission Anisotropy Spectra

We show that observed changes in emission ani-
sotropy can be qualitatively described by simple kinetic
model. A more general theory for solvent relaxation in
the presence of light quenching is provided in the Ap-
pendix. The simplified model presented below is a spe-
cific case of the general theory with rigorous
assumption.

We consider the two-state model—an initially ex-
cited state (F) and a relaxed state (R) which is populated
with rate constant kR (Scheme II). The normalized emis-
sion spectra of each state are given by IF(X.) and IR(X),
and the normalized total emission spectrum is given by
IT(\). For simplicity we assume that all species decay to
the ground state with radiative rate constant F (Scheme
II). We also assume that the emission transition moments

have the same orientation in the F and R states and that
the fluorophore displays the same steady-state anisotropy
in each state (F and R). The latter assumption is sup-
ported by the constant anisotropy observed across the
emission spectra of DCS in the absence of light quench-
ing (Figs. 3 and 5). Finally, we assume that light quench-
ing acts only on the relaxed state (R), i.e., the initially
excited state (F) is not depopulated by the quenching
pulse.

To calculate the wavelength-dependent anisotropies
we use the additivity of the anisotropies based on the
fractional intensities [36,37],

In this expression fi(F) are the fractional intensities of
each species at the wavelength X emitting with an ani-
sotropy /•,. In the case of light quenching of a solvent-
sensitive fluorophore, the emission originates from sev-
eral species as summarized below.

NF is the number of molecules emitting from the F
state with an anisotropy r = rF,

NRb is the number of molecules emitting from the
R state prior to arrival of the quenching pulse with an
anisotropy r = rR. In this simple model we assume r =
rf = rR.

NRq is the number of molecules emitting from the
R state which remain after the quenching pulse. The an-
isotropy of this population is changed by polarized light
quenching to rRq = r + Ar.

NRa is the number of molecules emitting from the
R state after the quenching pulse due to replenishment
of the R state by solvent relaxation. This population dis-
plays the original anisotropy r = rR.

Fig. 5. Emission anisotropy spectrum of DCS in propylene glycol at
20°C, in the absence (no L.Q.) and presence (+ L.Q.) of light quench-
ing.

Fig. 6. Emission anisotropy spectrum of acridine orange in propylene
glycol in the absence (no L.Q.) and presence (+ L.Q.) of light quench-
ing.
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Using these definitions the fractional intensities for
each type of emission is given by

where Ii(X) refers to the shape of the emission spectrum
corresponding to the desired species (F or R). The sub-
script i can be one of those listed above. The wave-
length-dependent anisotropy is thus given by

Hence the emission anisotropy spectrum can be calcu-
lated from knowledge of the fractional emission from
each species and the change in anisotropy (Ar) due to
light quenching.

The number of molecules in each state can be found
from the excited-state model in Scheme II. The solution
to this irreversible model [38-40] is given by

where N0 is the number of excited molecules at t = 0,
which is also the number of initially excited F-state mol-
ecules. Now we calculate the fractions of excited mol-
ecules emitting fluorescence with anisotropy r, and the
fraction which emits fluorescence with anisotropy r +
Ar [see Eq. (3)]. The number of molecules emitting from
the F state is independent of light quenching because we
are assuming that the F state is not quenched. The total
number of molecules emitting from the F state is given
by

Assume that at the time td the quenching pulse ap-
pears. The population of the R state will be NR (td) at
this moment and will be decreased by the quenching
pulse to the value NRq given by

This remaining portion of excited molecules will emit
fluorescence with anisotropy rRq = r + Ar. The param-
eter q describes the relative change caused by the
quenching pulse in the relaxed state population at time
td. This parameter can be expressed as

Gryczynski, Kusba, Gryczynski, Malak, and Lakowicz

The number of R-state molecules quenched by the
quenching pulse is given by

Now we calculate the number of molecules, NR, emitting
fluorescence from state R with no change in anisotropy:

According to Eq. (3), the observed anisotropy is
given by

where

We used this model to calculate the emission ani-
sotropy spectra expected in the presence of light quench-
ing. For this calculation we assumed that the emission
spectra were Gaussians centered at 460 and 530 nm, for
the F and R state, respectively, with a half-width of 3000
cm -1 on the wavenumber scale. We used a time delay
td = 50 ps and assumed that the anisotropy of the R
state changed by Ar = -0.2, -0.4, and -0.6 due to the
quenching pulse. The value of F was 109 s-1, corre-
sponding to a lifetime of 1 ns in the absence of relaxa-
tion. The value of KR was 5 X 1010 s-1, corresponding
to a relaxation time of 20 ps. These values were used to
determine the fractional intensities from each population,
allowing calculations of r(\) using Eq. (3).

Emission anisotropy spectra calculated with the
parameter values given above are shown in Fig. 7. These
anisotropy spectra roughly correspond to the experimen-
tal observation on DCS in the two solvents. Our sim-
plified model describes qualitatively the anisotropy
dependence within the emission spectrum in presence of
light quenching. Similar results of wavelength-depen-
dent anistropies can be expected for a mixture of two or
more fluorophores. However, one fluorophoe is present
in the present experiments, and DCS surely displays
spectral relaxation.

Of course, the actual situation is more complex, and
a complete theory must take into account rotational dif-
fusion and its effects on the extent of quenching by po-
larized light.
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DISCUSSION

Can measurements of the emission wavelength-de-
pendent anisotropy resulting from light quenching be
useful in biophysical and biochemical studies of mole-
cules? The steady-state measurements described above
contain information about ultrafast processes occurring
within the lifetime of the fluorophore. The simplified
intuitive model allows one to describe qualitatively the
phenomena and properly estimate the time scale of phys-
ical processes which occur after fluorophore excitation.
The more complete theory in the Appendix is more com-
plex and contains many variable parameters. However,
we wish to point out that the steady-state anisotropy
measurements can be performed with extremely high ac-
curacy [41]. Also, such measurements can be analyzed
globally with spectral shift data, which may significantly
increase the resolution of the spectral and kinetic param-
eters. In fact, fluorescence depletion by stimulated emis-
sion has already been successfully used by several
groups to study pico- and femtosecond dynamics of
chemical reactions [42-45]. We expect growing interest
in light quenching of biological fluorophores, which
should be possible with the increasing availability of
pulse amplifiers covering the UV visible spectrum.

APPENDIX

Steady-State Anisotropy of a Solvent-Sensitive
Fluorophore in the Presence of Two-Pulse Light
Quenching

We now describe how the emission anisotropy
spectra with light quenching can be explained by pref-
erential light quenching of the solvent relaxed state. In
this general model we consider a mechanism with no
specific limitations. We consider a two-state model
where, initially there is the excited state (F), which may
relax to the ground state with a rate constant F or to the
relaxed state (R) with rate constants kRj. We assume the
same initial anisotropy r0 only for the R and F states. We
assume that light quenching acts on both states and
change anisotropy by ArR and ArF for relaxed and un-
relaxed, respectively.

The fluorescence decays IF(\, t) and IR(\, t) of the
F and R states at any wavelength X. can be written as
the products of the amplitude factors IF(t), IR(t) and the
shape factors fF(X), fR(X) where

Fig. 7. Emission anisotropy spectra calculated using Eq. (3), with the
parameter values given in the text.

Following 8-pulse excitation the fluorescence decays
IF(t), IR(t) are then given by

where |, are normalized amplitudes of relaxation rates,
•y, = F + kRj and IFO is the total fluorescence intensity
of the unrelaxed species at time t = 0, and T = F-1 is
the lifetime in the absence of spectral relaxation. We
assumed that the relaxation is irreversible. For n = 1
Eqs. (A3) and (A4) reduce to the respective solutions
for homogeneous relaxation, that is, a single spectral re-
laxation time.

In the presence of LQ the intensity decays (A3) and
(A4) display an instantaneous decrease in intensity at the
arrival time of the quenching pulse at time t = td.

259
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The parameters qF, qR, and qE describe the relative
changes caused by the quenching pulse in the excited F
and R populations and in the entire (E) excited fluoro-
phore population, respectively. These parameters can be
expressed as qk = (nkb - nka)/nkb, where nkb and nta are
the respective numbers of excited molecules immedi-
ately before (b) and after (a) the quenching pulse, and k
is F, R, or E. The fluorescence decay given by the sec-
ond line of Eq. (A6) takes into account the possibility
of repopulation of the R state after its quenching by
light, due to the relaxation from the usually less
quenched F state. Notice that Eqs. (A3) and (A4), de-
scribing the fluorescence decays in the absence of light
quenching, may be easily obtained from Eqs. (A5) and
(A6) by setting qr = qR = 0.

At a given observation wavelength X, the steady-state
anisotropy is a time-averaged value of the time-dependent
anisotropy, weighted by the intensity decay law

Based on Eq. (Al) one can find that the anisotropy r (X)
observed for the solvent-sensitive fluorophore in the
presence of light quenching is given by

where JF(X) and JR(X) are steady-state fluorescence spec-
tra of the fluorophore resulting from states F and R, re-
spectively, and JT(X) is the total emission,

According to Eq. (A8),

and

The steady-state anisotropies rF and rR can be calculated
using Eqs. (Al 1) and (A12) and a model of light quench-
ing. This model assumes an instantaneous decrease at t
= td in the fluorescence decays of the F and R state, the
same correlation time for the F and R states, and no effect

After introducing Eqs. (A5) and (A 13) into Eq. (All ) ,
one obtains

In summary, we can write

and their anisotropy decay, rR2, is described by the sec-
ond line of Eq. A13,

The second part of the emission is generated by those R
molecules which are created by the process of relaxation
after t — td. The intensity decay, IR2, of these molecules
is given by

where 6 is the correlation time describing the rotational
diffusion of fluorophore.

For 0 < t < td, the fluorescence anisotropy of the
relaxed species is the same as that of the unrelaxed spe-
cies until the arrival of the quenching pulse and is de-
scribed by the first line of Eq. (A13). For t > td the time
dependence of the fluorescence anisotropy of the R spe-
cies is more complex. For these times the fluorescence
emission of the R species consists of two parts, which,
in general, have different anisotropies. The first part of
the emission is from those R molecules which were pres-
ent in the sample at time t + td. The intensity decay, IR1,
and anisotropy decay, rR1, of these molecules is de-
scribed by the equations

of spectral relaxation on the directions of the transition
moment. The instantaneous decrease in intensity is asso-
ciated with an instantaneous change in anisotropy de-
scribed by Ark = rka — rkb, where rkb and rka are the
anisotropies immediately before and after the quenching
pulse, and k refers to the F or R state. The fluorescence
anisotropy decay of the F species then has the form
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where hj = yj + 6-1. Similar calculations, using Eqs,
(A6), (A18), and (A12), yield

with H = T + 6-1.
Using Eq. (A9) and Eqs. (A18)-(A23) one can pre-

dict the dependence of anisotropy within the emission
spectrum of fluorophore in the presence of relaxation
and light quenching.

The simplified intuitive model used in the text can
be obtained from the more complete description pre-
sented above. Equation (A13) becomes rF = r0 = r when
rotations are neglected and results as the first term in Eq.
(11). Equation (18), upon simplified assumptions, gives
the second and third terms in Eq. (11). Hence, the in-
tuitive description of anisotropy dependence is consis-
tent with the more general approach.
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