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INTRODUCTION

Fluorescence quenching of Nile Blue by amines is thought to be due to electron transfer to the
excited dye molecule from the amine electron donor. We used electron transfer quenching of Nile
blue by N,N-diethylaniline in propylene glycol as a model system for an interaction which depends
exponentially on distance. We investigated the time dependence of the presumed distance-depend-
ent process using gigahertz harmonic-content frequency-domain fluorometry. The frequency-do-
main data and the steady-state quantum yield were analyzed globally based on either the
Smoluchowski—Collins—Kimball radiation boundary condition (RBC) model or the distance-
dependent quenching (DDQ) model, in which the rate of quenching depends exponentially on the
flourophore-quencher distance. We performed a global analysis which included both the frequency-
domain time-resolved decays and the steady-state intensities. The latter were found to be partic-
ularly sensitive to the model and parameter values. The data cannot be satisfactorily analyzed using
the RBC model for quenching. The analysis shows the excellent agreement of the DDQ model
with the experimental data, supporting the applicability of the DDQ model to describe the quench-
ing by the electron transfer process, which depends exponentially on the donor-acceptor distance.

KEY WORDS: Fluorescence; quenching; electron transfer; time-resolved fluorescence; frequency-domain flu-
orometry.
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Photo-induced electron transfer is the primary pho-
toreaction process of interest in many aspects of chem-
istry™® and biochemistry.6-® To study further the
process of electron transfer, we examined quenching of
fluorescence under conditions in which electron transfer
can be expected to occur. Excited-state electron transfer
has been studied extensively by Weller and co-work-
ers.”® The efficiency of the electron transfer in a donor
(D)—acceptor (A) system, when one of the molecules is
in the excited electronic state, is characterized by the free
energy change (AGy,) of the quenching process,
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The free energy change of the electron transfer quench-
ing is expressed by the equation

AGyr = E% (DID*) — st (A+/A) — E* + C (1)

EPX(D/D*) and Ex$(A~+/A) refer to the half-wave oxi-
dation potential of the electron donor and reduction po-
tential of the electron acceptor, respectively.® E* is the
electronic excitation energy of the excited molecule. In
this expression, C refers to the Coulomb energy change
associated with the charge separation distance R,® ex-
pressed as C(eV) = —e¢¥/eRdme,, where e is the elec-
tronic charge, € is the static dielectric constant of a
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solvent, and ¢, is the permittivity constant. Rehm and
Weller”® also showed that the rate constant, k,, of the
electron transfer quenching is related to the free energy
AGg;. This relation was experimentally determined for
many aromatic fluorophores quenched by typical elec-
tron donors.>78

Since the classical work of Weller and his co-work-
ers, a number of reports have indicated that the rate con-
stant, k,, apart from the free energy change, is also
controlled by the donor—acceptor distance, the polarity
of the solvent, the dynamic properties of the solvent, and
the temperature.(®'¥ Hence we studied collision
quenching of fluorescence in order to determine the ef-
fects of distance to the rates of electron transfer quench-
ing. Heteroaromatic dyes like coumarins,¥ oxazine,('®
and Nile Blue®-' have been found to be good electron
acceptors and their fluorescence can be quenched by ar-
omatic amines on a femtosecond time scale.(>' Ultra-
fast electron transfer between the excited dye molecules
and aniline or N,N-dimethylaniline has been studied to
reveal the effect of solvent and intramolecular dynamics
on the reaction. Among these dyes, we chose Nile Blue
as an interesting cationic fluorophore which can be col-
lisionally quenched by an electron transfer process in the
presence of diffusion and, thus, serve as a model for
distance-dependent collisional quenching. Fluorescence
quenching of Nile Blue by N,N-diethylaniline in pro-
pylene glycol was studied by frequency-domain fluo-
rometry and steady-state measurements. The results were
analyzed using the radiation boundary condition (RBC)
model, 2D which assumes a single rate of quenching at
the encounter distance, and the distance-dependent
quenching (DDQ) model,?>?» which is thought to be
suitable for electron transfer quenching.

THEORY

For the Smoluchowski~Collins-Kimball (RBC)
model the quenching rate k() assumes a value of k d(r
— a) when the fluorophore and quencher are at the en-
counter distance a, which is the distance of the fluorop-
hore—quencher closest approach, and the quenching rate
is zero elsewhere. No specific form of the intermolecular
interactions is involved in this model. For the exponen-
tial distance-dependent quenching (DDQ) model the ex-
pression for the rate of quenching can be written as

k) = koexp (- =) @)

e
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where 7, is the characteristic transfer distance, and £, is
the value of transfer rate at » = a. This dependence on
distance is appropriate in electron transfer and exchange
interactions, 192429

The influence of quenching on fluorophore intensity
decay is given by

1) = I, exp [— Ti -, f k() dt'] 3)

where 7, is the fluorophore lifetime without quenching,
C3 is the bulk concentration of the quencher, and k(?)
denotes the averaged time-dependent fluorophore—
quencher reaction rate constant. The rate constant /(7)
can be expressed as

0

k(@ = dm f 2 k(r) C, (rt) dr (4)
G :

where C,(r,?) is the concentration of the quencher mol-
ecules at distance r from the excited fluorophore at time
instant 7. In order to simplify the calculations, one intro-
duces the function y(r,f) = C(r,t)/C3. In the presence of
diffusion the function y(r,) is governed by the diffusion
equation. The equation has an additional sink term
which is responsible for the through-space fluorescence
quenching,

LED _ pv v ~ ko) )

where D = Dy + D, is the mutual diffusion coefficient
of the fluorophore and the quencher with diffusion co-
efficients D and D,, respectively. For both quenching
models the initial and outer boundary conditions of Eq.
(5) remain the same

y(rt=0)=1 (6)
Lim y (1) = 1 [7]

The form of the inner boundary condition (at r = a)
depends on the particular model. For the RBC model we
have

[20] pre=an®

whereas for the DDQ model one assumes the ‘‘reflect-
ing’’ or “‘specular’’ boundary condition at r = a

ay (r,t)]
[ ar r=a 0 (9)

This condition indicates that donor—quencher encounters
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do not introduce any other deactivation channel apart
from that described by the rate k(7).

For the RBC model the diffusion Eq. (5) can be
solved analytically.®® For the DDQ model an exact an-
alytical solution of the Eq. (5) is not possible, and nu-
merical methods are required. In this paper we used an
algorithm described previously®'=» based on the numer-
ical solution of the diffusion Eq. (5) in the Laplace
space®® and numerical integration of the Eq. (4).

Using the technique of frequency-domain fluorom-
etry,@®+* one compares the experimental phase (¢, ) and
modulation (m,) values with those calculated (c) from
the model intensity decay /(). At a given modulation
frequency (w) these values are given by

&, = arctan (NV_/D,) (10)
M = 3 02 + D) an
where
N, = f I (¢) sin (wt) dt (12)
D, = fl (t) cos (wt) dt (13)
J = f I(t) dr (14)

The fluorophore quantum vyield is another experi-
mental observable, which can also be predicted by the
quenching models. In this paper we examined the Stern—
Volmer-type quantity f defined as

Fq
=— -1 15
f=3 (15)
where F, and F' are fluorophore quantum yields in the
absence and presence of quencher. The ratio F/F, con-

stitutes the relative quantum yield of the fluorophore and
may be calculated as

& f]o(t)dt

where I(f) is expressed by Eq. (3) for either the RBC or
the DDQ model and /%) = [exp(—t/t,) is the fluoro-
phore’s intensity decay in the absence of quencher.

(16)
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MATERIALS AND METHODS

Nile Blue laser dye from Lambda Physik (Bedford,
MA) was used without further purification. N,N-Diethy-
laniline (P.A. grade), from Fluka Chemie A.G. (Swit-
zerland), was purified by vacuum distillation in a
grease-free, mercury-free vacuum line. The colotless lig-
uid aromatic amine was stored under an oxygen-free ni-
trogen atmosphere in the dark. The concentration of Nile
Blue in the samples was 1.3 X 107 M using an extinc-
tion coefficient of 7.75 X 10* M~' ¢cm™! at 633 nm in
ethanol. The concentration of N, N-diethylaniline ranged
from 0 to 0.3 M. The stock solution of N,N-diethylani-
line (0.3125 M) in propylene glycol was purged by ox-
ygen-free nitrogen gas and equilibrated for 24 h at room
temperature in the dark. 1,2-Propanediol (propylene gly-
col) (P.A. grade) was from Janssen Chimica (Spectrum
Chemical Mfg. Corp., Gardena, CA). Absorption spectra
were measured on a Perkin-Elmer Lambda 6, UV/vis
spectrophotometer (Perkin—Elmer Corporation, Rock-
ville, MD). Steady-state fluorescence measurements
were carried out using a SLM 8000 photon-counting
spectrofluorometer (SLM Instruments, Inc., Urbana, IL)
equipped with a thermostated cell holder.

The time-resolved frequency-domain fluorescence
measurements were performed on a multifrequency
phase-modulation spectrometer described in detail pre-
viously.®4* The excitation source was a 3.795-MHz
train of pulses, about 7 ps wide, obtained from the cav-
ity-dumped output of a synchronously pumped rhoda-
mine-6G dye laser. The dye laser output was 600 nm.
The dye laser was pumped with a mode-locked Nd:YAG
laser, 2 W at 532 nm, FWHM = 100 ps. The fluores-
cence emission was detected using an MCP-PMT Ha-
mamatsu R2809 red-sensitive detector, which was
externally cross-correlated. All intensity decays were
measured using rotation-free polarization conditions,
with the fluorophore emission selected by an interference
filter, 10-nm bandwidth at 660 nm (Ditric Optics, Inc.,
Hutson, MA). The frequency-domain data were col-
lected and transferred to a Silicon Graphics Indy work-
station for analysis.

The best-fit parameters and goodness-of-fit are de-
termined by the minimum value of

s oo (b = ) | o (= m Y
Xk V[E( 3 )Jr%( dm ) (17

ﬁ_f;iz
+§( o, )]
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Fig. 1. Chemical structure of Nile Blue and its absorption spectrum in
propylene glycol.
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Fig. 2. Fluorescence emission spectra of Nile Blue in propylene glycol
at 20°C (A, = 620 nm) in the presence of increasing concentrations
of N,N-diethylaniline (0, 0.05, 0.1, 0.15, 0.2, and 0.3 M).

where v is the number of degrees of freedom and 8¢,
dm, and df are the experimental uncertainties. For all
analyses, the uncertainties 8¢ and 8m were taken as 0.2°
in the phase angle and 0.005 in the modulation ratio,
respectively. The uncertainties 8f; were calculated from
the relation 8f, = (F,/F)* X (AF/F,). We assume un-
certainties of AF/F, = 0.005 for Nile Blue quenched by
N,N-diethylaniline in propylene glycol.

RESULTS AND DISCUSSION

Figure 1 shows the electronic absorption spectrum
of Nile Blue (NB) in propylene glycol. The spectrum is
characterized by the absorption band between 500 and
700 nm, with the maximum near 630 nm. We have ob-
served that the shape and intensity of the absorption
band of NB remain unchanged in the presence of 0.3 M
N,N-diethylaniline (DEA). This indicates that no specific
interactions exist between the dye and the aromatic
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Fig. 3. Frequency response of the Nile Blue fluorescence intensity
decay in propylene glycol at 20°C. The filled circles and solid line
represent the data and best single-exponential fit in the absence of
DEA. The open circles and solid line represent the data and best three-
exponential fit with 0.3 M DEA. The dashed lines shows the best
single-exponential fit to data with 0.3 M DEA.

amine molecules in the ground electronic state. How-
ever, the fluorescence of NB is quenched by DEA, in-
dicating interactions between the singlet excited NB and
DEA molecules. The fluorescence emission of NB in
propylene glycol at 667 nm strongly decreases in inten-
sity in the presence of increasing concentrations of DEA
(see Fig. 2), without any change in the shape or appear-
ance of new emissions. The observed quenching is re-
ported due to electron transfer from DEA to the cationic
dye NB.0&®

The electron transfer mechanism of fluorescence
quenching of NB by DEA is due to the comparatively
low ionization potential of DEA (7.15 eV,®®) which is
a typical electron donor molecule, and the fact that cat-
ionic dye NB can act as an electron acceptor. Also, DEA
possesses a higher-lying excited-singlet state (4.10 €V)
than the NB molecule (1.97 eV) in propylene glycol,
preventing electronic energy transfer (Forster type) in
this system. Quenching of NB by DEA is an interesting
example of collisional quenching of fluorescence for
which the dependence of the quenching rate constant on
the fluorophore—quencher distance can be measured
from the frequency-domain and steady-state data and the
results compared with the expected distance dependence.

We used frequency-domain time-resolved measure-
ments of the NB intensity decays to investigate the form
of the quenching interaction. From previous studies, we
knew that the Smoluchowski, RBC,?%2) and DDQ®@*33
quenching models all resulted in distinct intensity de-
cays. Figure 3 shows the frequency response of the in-
tensity decay of NB in propylene glycol in the absence
and presence of 0.3 M DEA. It is shown that experi-
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Table I. N,N-Diethylaniline Quenching of Nile Blue in Propylene
Glycol: Multiexponential Analysi§ of Fluorescence Intensity Decays

at 20°C
2
G, Xr
M) 7, (ns) 7 (ns) o f; lexp. 2exp. 3 exp.
0 1744 1744 1.0 1.0 3.60 — —
0.1 1583 1543 0.831 0970 5487 272 —
0.243 0.169  0.030
0.2 1419 1351 0.707 0.944 1842 3.73 —
0.204 0.293  0.056
03 1311 1203 0309 0.899 3737 3.06 2.45
0.289 0.131  0.084
0.014 0.560  0.017

*The muitiexponential decay is given by /(¢) = X, «; exp (~t/1),
where o, are the preexponential function and 7, the decay times. The
value of f; are given by f; = o, 7,/Z, o, 7,
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Fig. 4. Frequency-domain intensity decays of Nile Blue in propylene
glycol in the presence (left to right) of increasing concentrations of
N,N-diethylaniline (0, 0.1, 0.2, and 0.3 M). The solid lines and dashed
lines show the best fit to the DDQ and the RBC model, respectively,
using a = 7.5 A.

mental data points for NB in the absence of DEA (®)
can be satisfactorily fitted using a monoexponential de-
cay with 7, = 1.744 ns (x4 = 3.60). Figure 3 shows that
the intensity decays of NB become heterogeneous in the
presence of DEA. In the presence of 0.3 M DEA the
monoexponential decay (---) cannot fit the data (), as
can be judged by x3 = 373.7. Three decay times are
needed to fit the data. The multiexponential analysis
yields 7, = 1.311 ns (o, = 0.309), 7, = 0.289 ns (o, =
0.131), and 1; = 0.014 ms (o, = 0.560) with x3 = 2.45.
When the concentration of DEA increases from 0 to 0.3
M, the fluorescence intensity decay of NB becomes in-
creasingly heterogeneous, as can be seem from the ¥
values for the single-exponential fits in Table I. Quench-
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Fig. 5. Stern—Volmer plots for Nile Blue in propylene glycol at 20°C
quenched by N,N-diethylaniline. The solid line represents the calcu-
lated values of [(Fy/F) — 1] using the DDQ model, and the dashed
line is for the best RBC analysis. The distance of the closest approach
was held fixed at ¢ = 7.5 A during the analyses.

ing results in progressive shifting of the frequency re-
sponse to higher frequencies with a corresponding
decrease in the mean decay time.

The frequency responses of the fluorescence in-
tensity decays (Fig. 4) and the relative quantum yields
of NB in propylene glycol when quenched by DEA
(Fig. 5) were analyzed globally using two models for
collisional quenching of fluorescence. In Figs. 4 and
5 the solid lines represent the best global fit using the
DDQ model and the dashed lines the best global fit
using the RBC model. In all cases, the DDQ mode!
provides an improved fit. The results of frequency-
domain and steady-state data analysis of NB quench-
ing using RBC and DDQ models are presented in
Table II and III. The global analyses use the same
variable parameters at all quencher (DEA) concentra-
tions, which are ¢, D, and k for the RBC model and
a, r,, D, and k, for the DDQ model. During the pre-
liminary analyses we found that simultaneous fitting
of all these floating parameters was not possible for
either of these models. To be able to proceed with our
fitting programs we fixed the distance of the closest
approach (a) at several reasonable values. Certain con-
straints on the parameter k were also possible. In all
RBC-type analyses the parameter k tended to a very
large value, indicating that the data are better de-
scribed by the pure Smoluchowski model, which im-
plicitly assumes k = o, Because of this behavior, and
also to increase resolution, in further calculations we
fixed the parameter k to a very large value satisfac-
torily simulating infinity (10'° cm/s). Under these con-
ditions, the RBC-type fit for 2 and D floating resulted
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Table I1. Global RBC Analysis of Nile Blue Quenching by N,N-
Diethylaniline in Propylene Glycol (z = 20°C, 7, = 1.744 ns)

a K D
7N (cm/s) (1077 cm?/s) X2
(5.5 (o0} 17.1 108.3
(16.3-17.9)
(6.5) (o) 123 97.3
(11.8-12.9)
(1.5) {o0) 8.99 88.3
(8.60-9.39)
(8.5) (o) 6.65 81.1
(6.38-6.95)
9.5) (o) 4.98 75.4
(4.77-5.20)
62.7 () 0.005 53.0
(52.7-74.5) (0.002-0.009)

«The angular brackets indicate that the parameter was held fixed at the
indicated value.

®In calculations k = o has been represented by setting k = 10'° cmy/s.
“The numbers in parentheses represent the 67% confidence intervals
obtained from the least-squares analysis.

Table III. Global DDQ Analysis of Nile Blue Quenching by N,N-
Diethylaniline in Propylene Glycol (z = 20°C, 7, = 1.744 ns)

D k,

a (A) r. (A) (1072 cm¥/s) (105 L/s) X2
(5.5 0.422 8.59 110.1 4.05
(0.411-0.431) (7.87-9.24) (64.7-171.6)

(6.5) 0.407 8.19 30.6 4.06
(0.396-0.415) (7.57-8.82) (18.7-46.2)

(7.5) 0.388 7.79 103 4.05
(0.378-0.396) (10.0-11.0) (6.66-14.9)

(8.5) 0.365 7.25 4.60 4.05
(0.355-0.373) (6.76-7.72) (2.91-6.76)

(9.5 0.342 6.63 2.19 4.06

(0.332-0.350) (6.19-7.07) (1.34-3.26)

«The angular brackets indicate that the parameter was held fixed at the
indicated value.

®The numbers in parentheses represent the 67% confidence intervals
obtained from the least-squares analysis.

in a nonrealistic value of the distance of the closest
approach (a = 62.7 A; Table II).

A lower limit for the minimum distance (a) can be
determined from the size of NB and DEA by considering
the van der Waals radii (»,) of the molecules. An aver-
age radius 7, can be obtained from the relation r, =
(r.r,r,)\?,@ where r,, r,, and 7, are the van der Waals
radii of the molecule in the x, y, and z direction. For the
NB molecule we estimated the 7, ,, and r, values of 6,
3.5, and 1.3 A, respectively, which give rise to the radius
value of 7, = 3.0 A. Similarly for the DEA molecule
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we previously calculated®? r, = 2.35 A. Considering
the encounter distance as the sum of the van der Waals
radii, one could expect the lower limit of the distance to
be 5.4 A. The upper limit of the distance a can be ob-
tained including an intervening solvent molecule. As-
suming the diameter of the propylene glycol molecule
to be 4 A, one obtains 9.4 A for the maximum value of
the distance of the NB-DEA closest approach. In further
analyses, we used different fixed values of the distance,
5.5, 6.5, 7.5, 8.5, and 9.5 A. From Figs. 4 and 5 and
Table I, it is clearly shown that the RBC model cannot
account for the intensity decay of NB quenched by DEA
using any encounter distance from 5.5 to 9.5 A. The
deviations between the best-fit RBC model and experi-
mental data points are apparent over the entire frequency
range, and are most apparent at the higher frequencies.
Similarly, the relative quantum yields obtained from the
best global RBC fit do not match the experimental val-
ues (Fig. 5). The apparent diffusion coefficient depends
strongly on the value of a, suggesting that the model is
inadequate. The RBC-predicted values of Fy/F show lit-
tle upward curvature and do not agree with the measured
values. If the encounter distance ¢ is allowed to vary,
the recovered value (62.7 A) is unrealistically large, the
recovered diffusion coefficient unrealistically small (Ta-
ble II), and the value of ¥% is still elevated. These anal-
yses indicate that the RBC model, with a single rate
constant for quenching, is not adequate to explain the
data for quenching of NB by DEA.

In contrast to the RBC model, the DDQ model
was found to be consistent with the experimental data
as can be judged by the low values of & (Table III)
and good visual agreement between the calculated and
the measured frequency-domain decays (Fig. 4) and
calculated and measured relative quantum yields (Fig.
5). The Stern—Volmer plots for NB in propylene gly-
col quenched by DEA at 20°C (see Fig. 5) show sig-
nificant deviation from linearity and display an
upward curvature. The DDQ-determined values of
F,/F are in precise agreement with the measured val-
ues. This agreement between two types of experimen-
tal data, steady state and frequency domain, provides
strong support for a distance-dependent interaction be-
tween NB and DEA.

While the DDQ model is able to account for both
the time-resolved and the steady-state data, it was not
possible to obtain precise values for all four parameters,
a, r., D, and k,. The same value of x3 was obtained for
a values ranging from 5.5 to 9.5 A. Over this range of
a values, the values of », and D remain relatively con-
stant, but the value of k, changes dramatically, from 110
to 2 X 10 s~'. However, the apparent change in £, does
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Fig.6. Reconstructed time-dependent intensity decays of Nile Blue in
propylene glycol at 20°C quenched by N,N-diethylaniline (0, 0.1, 0.2,
and 0.3 M) for the best-fit DDQ (—) and RBC (- - - -) parameters,
using @ = 7.5 A.

not reflect an actual change in the nature of the inter-
action but, rather, the chosen value of the distance of
closest approach (a) and compensation in the apparent
value of k,.

From the best fits to frequency-domain and steady-
state data (Figs. 4 and 5), we reconstructed the time-
dependent intensity decays of NB in propylene glycol at
20°C (Fig. 6). In the absence of DEA, the intensity decay
of NB is a single exponential. The intensity decay be-
comes nonexponential in the presence of DEA. The ef-
fect of the distance-dependent quenching rate is to
increase the number of quenchers able to interact at very
short times with a given molecule of the fluorophore
and, in this way, to create a short-lived component in
the decay during the initial 20 ps following excitation.
The long-lived component created by the translational
diffusion remains comparable in both models for com-
parable values of the diffusion coefficient. This short-
lived component is not allowed by the RBC model (- -
-), which consequently is inadequate to explain the fre-
quency-domain data.

It is of interest to corpare the diffusion coefficients
recovered from the data with those predicted from dif-
fusion theory. The diffusion coefficient of DEA in pro-
pylene glycol at 20°C is expected to be D, ~ 1.9 X
107 cm?s, as previously calculated®” based on the
Stokes-Finstein equation. Similar calculations carried
out for NB result in D, ~ 1.5 X 1077 cm?¥s. These
values of D, and Dy yield D ~ 3.4 X 107 cm?s. The
RBC model provides values of D (see Table II) which,
for reasonable values of parameter q, are larger than the
expected value 3.4 X 1077 cm¥s. This can be understood
as an effect of compensation of the lack of the initial
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drop of the intensity decay by a larger diffusion coeffi-
cient so that some additional quenching is introduced
even without this rapid drop. However, this compensa-
tion in the RBC model is not able to generate the same
shape of the fluorescence decay function as that pre-
dicted by the DDQ model. The only case when both
models can give comparable fits to the data is that char-
acterized by relatively large value of the diffusion co-
efficient and relatively small values of the parameters £,
and 7,.623® Taking into account the still large value of
X2 with a distance of the closest approach of 62.7 A
(Table II), one can see that the RBC model also does
not allow a rapid initial drop in the intensity decay,
which is needed to fit the experimental data.

The DDQ model results in values of D (Table III)
which are several times smaller than the expected value
calculated from the Stokes—Einstein equation. Similar re-
sults were also observed in our previous papers on the
distance-dependent quenching for anthracene quenched
by CBr,@» anthracene, and 9,10-dimethylanthracene
quenched by DEA®? and NATA quenched by acrylam-
ide.@® The explanation of this behavior may be ffuorop-
hore-solvent or quencher-solvent interactions, which
slow diffusion or increase the size of the diffusing spe-
cies. The enhanced solvation of the fluorophore and/or
guencher molecules may significantly slow down their
diffusive motion. Another explanation of the underesti-
mation of the diffusion coefficients in the DDQ model
may be that, in reality, the distance dependence of the
electron transfer rate constant may be more complex
then Eq. (2). The distance dependence of the reorgani-
zation energy in the Marcus equation®2% may cause the
quenching rate not to fall exponentially with fluorop-
hore—quencher distance, but initially to increase with in-
creasing r and then to decrease because the electronic
factor, similar to Eq. (2), decreases.®*® The possibility
of using a full Marcus equation in our data analysis al-
gorithm is now being investigated.

CONCLUSION

The time-resolved and steady-state data reject the
RBC model and confirm the distance-dependent rate of
quenching [Eq. (2)] for Nile Blue and DEA. Global anal-
ysis of the frequency-domain and steady-state data al-
lows for satisfactory resolution of the diffusion
coefficient and the two parameters describing the dis-
tance-dependent quenching rate, k, and .. This model
system can be used for more detailed studies of the ef-
fects of solvent polarity and dynamics on the process of
electron transfer.
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