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Transient Effects in Fluorescence Quenching Measured by 2-GHz Frequency-Domain

Fluorometry

Collisional quenching of fluorescence is of considerable interest
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We used harmonic-content frequency-domain fluorometry to investigate the quenching of indole fluorescence by iodide and
acrylamide in aqueous solution. The time-resolved intensity decays were recovered from the frequency response of the fluorescence
emission, measured over a frequency range from 10 to 2000 MHz. In the absence of collisional quenching the decay of indole
in water is predominately a single exponential. The intensity decays became increasingly nonexponential when quenched
by either iodide or acrylamide. We attribute the complex decays to transient effects, as predicted originally by Smoluchowski.
At quencher concentrations below 0.1 M the decays are of the form exp(—t/+ — 2bt'/2), which is known to be an approximate
model. At quencher concentrations above 0.1 M this decay law does not account for the data. The data are in better agreement
with the radiation model, and the diffusion coefficients and interaction radii are more reasonable. However, in aqueous
solution above 0.5 M acrylamide there appear to be deviations from the radiation model. The deviations are less apparent
at high iodide concentrations. For comparison with future theoretical developments, the intensity decay laws are reported
up to 0.5 M iodide or 0.7 M acrylamide. Evidently, the resolution and sensitivity of the frequency-domain method are adequate
to recover the complex subnanosecond decays found at high concentrations of quenchers.

the accessibility of fluorophores in macromolecules to externally
added quenchers. For example, quenching has been used to
determine the fraction of protein fluorescence (tryptophan) which

for physical chemistry and biochemistry. Collisional quenching
requires contact between the fluorophore and quencher during
the lifetime of the excited state. Consequently, the quenching
process yields information about diffusive motions in solution and
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is accessible to water-soluble quenchers'™ and the effects of local
charge on the approach of quenchers to the fluorophores.'*
Fluorescence quenching has also contributed to our understanding
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of the dynamics of proteins and membranes, as revealed by the
ability of oxygen, iodide, acrylamide, and other quenchers to
diffuse through the macromolecules.’”

Collisional quenching is also of interest in physical chemistry.
Much of this interest originates with the well-known positive
deviations from the Stern-Volmer equation.!®!! The frequency
of the quenching events is expected to depend upon the diffusion
coefficients of the probe and quencher, their radius of interaction,
electrostatic attraction or repulsion, and the symmetry of their
reactive surfaces. To date, most theories and data are for the
steady-state behavior of the system, that is, the intensities, yields,
or rate constants observed with constant illumination. However,
the time-dependent decays of fluorescence can yield additional
information on the transient concentration gradients which are
created around the ensemble of fluorophores. The excited fluo-
rophore (F) is created instantaneously upon absorption of a photon.
Initially, the quenchers (Q) are distributed randomly around the
fluorophores. Subsequently, the closer F-Q pairs are extinguished
by the collisional encounters, while the fluorophores without a
nearby quencher may exist for longer periods of time. Hence,
following é-function excitation the sample evolves so that only the
more distant F—Q pairs remain. This evolution is explained by
a time-dependent rate constant for quenching. At short times the
rate constant is larger, reflecting the interaction of the more closely
spaced F-Q pairs. At later times the rate constant decays to the
diffusion-controlled limit. To a first approximation the transient
effects are expected to modify the decay law from a single ex-
ponential (exp(—t/7y)), to the form (exp(—z/+ — 2bt'/2), where 7,
is the decay time in the absence of quenching and 7 is the decay
time for the quenched emission if transient effects are not pres-
ent.!21* If the resolution is adequate, the time-resolved mea-
surements can be shown to contain transient terms with a ¢'/2
dependence. Under favorable circumstances, the encounter radius
for the F-Q pair and the sum of the diffusion coefficients can be
obtained from the data.

In this report we examine quenching of indole by iodide and
acrylamide in aqueous solution. Indole was selected because its
decay in the absence of quenching is predominately a single ex-
ponential, and indole is the dominant fluorophore in proteins.
Iodide and acrylamide have been used extensively in studies of
protein fluorescence.> Instead of the more familiar time-resolved
measurements we use the new technique of frequency-domain
fluorometry,'%'¢ including the recent extension to 2 GHz via the
harmonic content of a train of picosecond pulses.!”*®  This
technique is known to yield good resolution of complex multiex-
ponential decays'® and of more complex time-dependent spectral
shifts.??! Hence, it is of interest to apply this technique to the
more complex problem of transient effects in quenching. The
frequency responses were measured on samples with up to 0.7 M
quencher. The availability of the experimental decays at these
high quencher concentrations may be used for comparison with
future theory or simulations.
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Theory

Transient Effects in Quenching. Consider a fluorophore which
displays a single-exponential decay. Following 4-function exci-
tation the time-dependent intensity is

I(1) = Iy exp(~t /7o) 1)

where 7, is the lifetime or decay time in the absence of quenching.
Suppose the fluorophore is in homogeneous solution and sur-
rounded by randomly distributed quenchers. Predictions of the
intensity decays for such samples have been the subject of several
significant publications.?>”?* Our expressions are predominately
in the form suggested by Ware and co-workers.'”"'* Quenching
increases the decay rate of the excited state by a rate constant
k(¢), which is itself time-dependent. The form of k(#) is complex,
and depends upon the assumptions used in its derivation. The
simplest case is obtained by assuming the concentration gradient
around the fluorophore is a step function which increases from
0 to the bulk concentration [Q] at the interaction radius R. This
radius is taken as the sum of the radii of the fluorophore and the
quencher. This assumption means the fluorophore is quenched
instantaneously when the quencher diffuses to the boundary at
r = R. Then, the time-dependent rate constant is given by

k(t) = 47rDN’R(1 + (71%) (2)

where N’is 6.02 X 10%° and D is the sum of the diffusion coef-
ficients. Evidently, the transient effects will be largest for small
values of ¢ and for slow diffusion. For instance, for R = 8 A and
D =1 X 107 cm?/s the value of k(?) is 1.23-fold larger at ¢ =
4 ns than in the absence of transient effects. If the diffusion
coefficient is reduced 10-fold to 1 X 107 cm?/s, then at 4 ns k(¢)
= 1.7-fold larger than in the absence of transient effects. If D
= (.2 X 1078 then k() is 2.7-fold larger. In our aqueous samples
the diffusion coefficients are near 1073 cm?/s, which results in
smaller transient effects than we could have observed in more
viscous solutions.
The intensity decay is found by solving

o) _

- —[ L+ k0)IQ) ]I(z) 3)
To

The general solution for any k(?) is

Ity =1, exp(—_rio) exp[—[Q] J:Ok(f) d ] “4)

For the time-dependent quenching constant given in eq 2 the
solution is

t 2R
I(t) = Iyexp] —— —4xDRN’[Q]\ | + ——— 5
0 =1, p[ i [Q]( (wt)l/z)]()
This equation can be written as
I(0) = Iy exp(—t/1 — 2bt"/?) (6)

where 7 is the decay time expected in the absence of transient
effects

! = 1 + 47RDN’'[Q] ©)]
T To

and
b = 4R*N'(xD)'/*[Q] (®)

Hence the intensity decay is expected to become more complex
than a single exponential, and the additional term is dependent
on 1!/2, The values of R obtained from the quenching data are
often larger than the values calculated from the molecular
structures. Hence, eq 5 is sometimes modified by replacing R
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with R/, where R’ is an apparent encounter radius.'»? Fur-
thermore, eq 5 has been used as an approximation to the more
complete theory based on the radiation boundary conditions
(below).

Examination of eq 2 and 5 reveals that for long times the
transient terms approach zero. Then, the quenching constant
becomes diffusion controlled and independent of time

k = k(t) = 4=N'DR )
and the intensity decay is again a single exponential
t
I(t) = I, exp(—— - k[Q]t) (10)
To

Equations 9 and 10 are the usual expressions for analysis of
quenching data without consideration of transient effects and lead
to the Stern—Volmer equation. For purely collisional quenching
the decay time is 7! = ;™! + k[Q], which on rearrangement yields

7'0_ _Fo
e 1 + k1o[Q] = T an

For collisional quenching the intensities (¥, and F) are proportional
to the decay times, so F,/F is expected to be equivalent to ro/7.
Collins and Kimball?? pointed out several difficulties with eq
2, the most obvious being that the quenching constant is infinite
att = 0. To avoid this difficulty the infinite concentration gradient
at r = R is softened by assuming that the rate of quenching is
a finite value at the distance R. These “radiation” boundary
conditions yield a more complex form for k(z).132%23

4wRDN’ R
k() = I{—m 1+ %‘ exp(xz) erfc (x)] (12)
_ (Dr)!/? kR
x = R [1 + D (13)

This expression introduces a new parameter «, which is a specific
rate constant for quenching with units of centimeters per second.
The essential point is that eq 2 and 5 are thought to be only
approximately correct, whereas eq 12 is thought to account for
obvious flaws in the theory. At quencher concentrations above
0.1 M our data show substantial deviations from eq 2 and 5, and
the data are better fit by eq 12 and 13. Additionally, we suspect
our data for acrylamide concentrations above 0.5 M reveal ina-
dequacies in eq 12 and 13 and hence contain information on the
more subtle aspects of quenching.

Frequency-Domain Fluorometry. The intensity decays were
examined in the frequency domain. The samples are excited with
amplitude-modulated light, over a range of modulation frequencies
from 10 to 2000 MHz. At each frequency (w), we measure the
phase delay (¢,) and the extent of demodulation () of the
emission, each relative to the incident light. The measured values
are compared with those predicted from an assumed decay law,
and the parameters chosen are those which minimize the squared
deviations. We analyzed the frequency responses of the samples
using a sum of exponentials, the expression with a r'/2 dependence
(eq 6), and the more complex decay predicted by eq 4, 12, and
13. For a sum of exponentials the intensity decay is described
by

1) = Zayel (14)

The fractional contribution of each decay time to the steady-state
intensity is

oT;

TayT;
i

Ji (15)

We used the “sum of exponentials” analysis to provide a param-
etrized form of intensity decay for future comparisons with theory.
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For any form of the decay law the phase and modulation values
are given by

¢, = arctan (N,/D,) (16)
m, = (N2 + D22 o))
where
N, = j;ml(t) sin ot dt/j;ml(t) dr (18)
D, = j;ml(t) cos wt dt/j;ml(t) dt (19)

For multiexponential decays (eq 14) we use analytical expressions
for the transforms. For the other decay laws we were unable to
find analytical expressions for the sine and cosine transforms.
Hence, numerical integration was used. In particular we used
an adaptive Newton-Cotes 9-point integration.d It was important
to match the time range of the integral to that of the intensity
decay, especially at high concentrations of quenchers where the
transient effects are of larger amplitude. For the radiation
boundary conditions (eq 12 and 13)) the term f{x) = exp(x?) erfc
(x) was obtained during the iterations from a look-up table. The
tabulated values were obtained from the International Mathe-
matics and Statistics Library.?” Values of f(x) for x values
between those in the look-up table were obtained by using spline
interpolation.?®
The goodness of fit is characterized by

1 (¢w_¢w) g 1 (mw_mw) g
XR“Z%?[T] +;§[T] o

where » is the number of degrees of freedom, and d¢ and dm are
the experimental uncertainties in the phase and modulation values,
respectively. If 8¢ and ém are accurately known, then yz? is
expected to be near unity for a correct or adequate intensity decay
model. In practice, the values of ¢ and ém are not precisely
known, and these vary about 2-fold depending on the experimental
details. However, the relative values of xz* can always be com-
pared for various models.

An important aspect of the analysis is estimation of the un-
certainties in the recovered parameters. The uncertainties are
usually estimated from the diagonal terms of the covariance
matrix.®® However, it is known that these uncertainties are
underestimates because the procedure assumes uncorrelated pa-
rameters. Our algorithm accounts for parameter correlation in
estimation of the uncertainties®*® and will be the subject of a
separate publication.?!

Materials and Methods

Frequency-domain data were obtained on the instrument de-
scribed previously.!!” The excitation source was the 3.7931-MHz
cavity-dumped output from a Coherent Model 700 dye laser. The
dye was rhodamine 6G. The second jet was used with the sat-
urable absorber DODCI (3,3’-diethyl-2,2’-oxadicarbocyanine
iodide). The dye laser was synchronously pumped at 75.86 MHz
using a mode-locked argon ion laser, Coherent Innova 15, about
800 mW at 514 nm. The visible cavity-dumped output of the dye
laser was typically near 60 mW. To obtain 295 nm for excitation
of indole we used a Spectra Physics Model 390 frequency doubler,
with a KDP angle-tuned crystal. The average UV power was near
0.5 mW, which was attenuated 50- to 100-fold prior to the sample.
The pulse width of the visible output of the dye laser was 5 ps
or less. This source is intrinsically modulated to about 50 GHz.

Detection of the forced response at each frequency is accom-
plished with a microchannel plate PMT (Hammamatsu R1564),
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Figure 1. Frequency-domain data for the intensity decay of indole in the
absence of quencher. The upper panel shows the phase and modulation
values (@) for indole at 5, 20, 35, and 50 °C. The curves which increase
with frequency are the phase angles, and the decreasing curves are the
modulation values. As the temperature increases the lifetime of indole
decreases, which shifts the frequency response to the right. The solid lines
represent the best single-exponential decay fits to the data. The lower
panels show the deviations between the data and the best fit. The decay
parameters are summarized in Table 1.

which provides an upper frequency limit of 2 GHz.!” The PMT
is externally cross-correlated to reject extraneous signals, to im-
prove the signal-to-noise ratio, and to provide a low-frequency
signal which contains the phase and modulation information. The
excitation wavelength was 295 nm, and the emission was observed
through a Schott WG320 filter to eliminate scattered light. The
excitation was polarized vertically, and the emission was viewed
through a polarizer at 54.7° from the vertical. These conditions
eliminate the effects of rotational diffusion on the intensity decay.
For all measurements we used scattered light as the reference and
not a reference fluorophore.®* A reference fluorophore was not
needed because the time response of the microchannel plate PMT
does not depend on wavelength.*®> Also, extensive testing of this
instrument did not reveal any effects of wavelength on the fre-
quency response [ref 17, Figure 9].

Unless stated otherwise all samples were in aqueous buffer, 0.05
M Tris, pH 7.5, 20 °C. For iodide quenching the samples con-
tained KCI and/or KI, for a total concentration of 0.50 M. These
samples also contained 10 Na,S,0; to prevent formation of
iodine. Acrylamide was from Aldrich, Gold Label, lot
HMO?2820KL. For acrylamide quenching no other salts were
added. The emission spectra of all indole samples were examined
and found to be characteristic of indole, irrespective of the con-
centration of iodide or acrylamide. Quenching resulted in de-
creased intensity, but did not result in any spectral shift. Blank
samples were examined in the frequency-domain instrument. The
background fluorescence and/or scatter was typically 0.5% and
in no case did it exceed 1%.

Results

Intensity Decay of Indole in the Absence of Quenching. It is
instructive to examine the frequency-domain data for indole in
the absence of quenching. The frequency responses are shown
at temperatures from 5 to 50 °C (Figure 1). As the modulation
frequency is increased the phase angles increase and the modu-

(32) Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Plenum:
New York, 1983,
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TABLE I: Intensity Decay Parameters for Indole in Water

—t/7
i€

temp, (i=1o0r2)
°C Tj, NS o Ji X2
5 5.72 1.0 1.0 1.34

3.61 (1.81-4.43)7 0.04 0.03

5.82 (5.75-5.85) 0.96 0.97 1.05%
20 4.49 1.0 1.0 1.86

4.36 (4.02-4.43) 0.94 0.91

6.55 (5.23-7.41) 0.06 0.09 1.61
35 2.85 1.0 1.0 2.65

2.81 (2.73-2.91) 0.96 0.95

3.68 (1.53-5.02) 0.04 0.05 2.89
50 1.52 1.0 1.0 2.53

0.22 (0-1.56) 0.04 0.02

1.53 (1.51-1.56) 0.96 0.98 2.22

9The values in parentheses are the uncertainties in the consideration
of correlation.?2% ?Values of 8¢ = 0.2° and 6m = 0.005 were used for
all analyses in this paper.

lation decreases. The lifetime of indole decreases with increasing
temperature, which results in displacement of the curves to higher
frequency. The parameters describing the intensity decay are
obtained by the method of nonlinear least squares. A decay law
is assumed, and the parameters are varied to obtained the best
fit of the theoretical curve (solid lines) to the data (symbols). For
indole from 5 to 50 °C the intensity decay is adequately described
by a single-exponential decay law. The single-exponential curves
closely match the data. Differences between the data and the
curves are more readily seen by examination of the deviations
between the measured and calculated values. The deviations are
mostly small (<0.5° and <1% in modulation), which indicates
the single-exponential model is adequate to explain the data.

The parameters describing the decays are summarized in Table
I. For the single-exponential fits the values of xz? range from
1.3 to 2.6. While the latter value may be considered too large
we stress that the precise values of the uncertainties (8¢ and ém)
are not known. Our criterion for selecting a decay law is based
on comparison of various models for a single set of data. The
indole data were analyzed by using the double-exponential model
{eq 14 with { = 2). The values of xg? did not decrease significantly,
indicating the second component is not required by the data.
Additionally, the amplitude of the second component is small. It
is particularly informative to examine the uncertainties of the
parameters, including the effects of parameter correlation.?>% It
should be noted that the range of decay times consistent with the
data is quite large for the smaller amplitude component, often
overlapping with the value of the dominant decay time. Based
on these observations and previous experience, we conclude the
decay of indole is adequately described as a single exponential.
A single-exponential decay is intuitively useful because the
transient effects in quenching are expected to induce nonexpo-
nential decays. While our fitting algorithm can analyze for
transient effects with multiexponential decays of the unquenched
fluorophore, it is more difficult to see the transient effects in the
data.

Stern—Volmer Plots for Quenching. Quenching data are most
frequently presented as Stern—Volmer plots, which are shown for
iodide (Figure 2) and acrylamide quenching of indole (Figure 3).
Also shown are the emission spectra, which are decreased in
amplitude but not altered in shape by quenching. The slopes of
these plots are the Stern—Volmer quenching constants, which were
found to be 31 and 33 M™! for iodide and acrylamide, respectively.
These values are in good agreement with previously published
values.3*

Also shown are the values of 7o/7, where 7 is the best single-
exponential fit to the frequency response. In this case the
Stern—Volmer plots show substantial positive deviations. These
deviations are probably due to the increasing proportion of the
decay occurring as a short-lived component (below). A more linear
Stern—Volmer plot was found when the mean decay times were
used ({(7) = fi7, + fo7,), and the 7y/7 ratios were then in good
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Figure 2. Quenching of indole fluorescence by iodide, 20 °C. Stern—
Volmer plots are shown for both the yields (@), the best-fit single decay
times (A), and the mean decay time (O) defined by f;7; + for, (Table
IT). Inner filter effects are not significant for iodide with an excitation
wavelength of 295 nm.
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Figure 3. Quenching of indole fluorescence by acrylamide, 20 °C.
Stern—Volmer plots are shown for the uncorrected yields (@), the yields
corrected for light absorption by acrylamide (0O), the best single decay
time (A), and the mean decay time (O) defined by f;7, + for, (Table III).

agreement with the intensity ratios. The positive deviations ob-
served with the single decay time values illustrate the difficulties
in using intensity decay data which are not adequate to recover
the detailed form of the decay. The single decay time values
represent an average over the true decay, which is weighted in
a complex and unknown manner by the time resolution of the
measurements. It seems uninformative to attempt to explain such
positive deviations based on apparent single decay times.
Detection of Nonexponential Decays in the Presence of
Quenching. The frequency responses of the indole samples were
measured over a range of quencher concentrations from 0 to 0.7
M. Typical data are shown in Figures 4 and 5 for indole in the
presence of iodide and acrylamide, respectively. Also shown are
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Figure 4. Effect of iodide quenching on the intensity decay of indole.
The solid lines represent the best single decay time fit through the data.
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Figure 5. Effect of acrylamide quenching on the intensity decay of indole.
The solid lines represent the best single decay time fit to the data. The
acrylamide concentrations are 0.0 (O) and 0.4 M (@), 20 °C. The lower
panels show the deviations from the best single decay time fit.

the best single-exponential fits to the data. In the presence of
quencher the measured frequency response cannot be accounted
for by a single-exponential decay, as is seen from the large and
systematic deviations between the data and the best single-ex-
ponential fit (@, lower panels). In the absence of quenching the
deviations are small and randomly distributed (O). At almost
any concentration of quencher over 0.025 M, which results in
quenching by about 2-fold, the decays becomes more complex than
a single exponential. For instance, even for a 2-fold decrease in
the decay time, xg? increases 3- to 8-fold (Tables II and III).
With our approximate 50 degrees of freedom a 2-fold increase
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TABLE II: Iodide Quenching of Indole in Water, Multiexponential
Analysis

fiodide], exp(~t/7) a e/ + apetin2
mM 7, s Xg 74 TS o fi xR
0.0 4.45 1.5 4.36 0.94 0.91
6.55 0.06 0.09 1.6
12.5 3,75 3.1 2.43 0.16 0.10
3.98 0.84 0.90 0.96
25 2.53 12.5 0.20 0.15 0.01
2.62 0.85 0.99 0.98
50 1.78 32.0 0.39 0.21 0.05
1.95 0.79 0.95 1.03
75 1.32 354 0.30 0.23 0.06
1.46 0.77 0.94 1.6
100 1.03 59.4 0.28 0.30 0.09
1.20 0.70 091 1.4
150 0.77 108 0.21 0.36 0.11
0.94 0.64 0.89 2.7
200 0.58 119 0.09 0.58 0.14
0.76 0.42 0.86 2.6
250 0.43 260 0.09 0.58 0.16
0.61 0.42 0.84 2.1
300 0.31 457 0.10 0.59 0.22
0.50 0.41 0.78 2.1
400 0.23 474 0.06 0.62 0.21
0.37 0.38 0.79 3.1
500 0.16 555 0.01 0.85 0.22

0.26 0.15 0.78 3.8

TABLE 1II: Acrylamide Quenching of Indole in Water,
Multiexponential Analysis

[aCTylamide], exp(—t/‘r) ale"/"l + a2e"/"2
mM .08  Xgt T, D8 o £ xR

0 4.50 2.2 4.10 0.55 0.51
4.98 0.45 049 21

25 2.42 7.3 1.14 0.13  0.06
2.58 0.87 0.94 1.7

50 1.62 19.7 0.66 0.19 0.08
1.79 0.83 092 1.6

75 1.19 42.2 0.42 0.22 0.08
1.35 0.78 0.92 1.8

100 0.94 134 0.32 0.35 0.13
1.18 065 087 20

150 0.68 165 0.15 0.31 0.08
0.81 0.69 092 1.9

200 0.49 216 0.10 0.37 0.09
0.61 0.63 091 25

300 0.31 424 0.08 0.51 0.16
0.45 049 0.84 2.6

400 0.23 482 0.04 0.67 0.18
0.34 033 082 28

500 0.15 444 0.01 0.84 022
0.25 0.16 0.78 2.2

700 0.10 590 0.01 0.87 0.29

021 013 071 221

in xg? is adequate to reject the model yielding the higher xg?* with
a certainty of 99%.%% For the higher quencher concentrations the
deviations from the single-exponential fit are still greater (Figures
4 and 5), yielding xg? values ranging to several hundred. Ex-
amination of the single-exponential fits in Tables II and III shows
that the values of xg? increase progressively and dramatically with
increases in the quencher concentration. There is little doubt from
these results that the quenching process results in more complex
decays.

It is of interest to analyze these data by using the multiexpo-
nential model (eq 15). The results of this analysis are summarized
in Tables IT and III. The multiexponential model provides an
adequate fit to the data at all quencher concentrations. As the
quencher concentration increases both apparent decay times are
decreased. Also, the fractional contribution of the shorter decay
time becomes more pronounced. In general, the three decay
analysis resulted in only a minor improvement in xg? {(not shown),
and two of the three decay times were usually of similar mag-
nitude. Evidently, the double-exponential model is powerful
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Figure 6. Transient decay analysis of indole in the presence of 0.4 M

iodide. The data were analyzed by using the Smoluchowski model with

R fixed at 7 A (---, ©) and with the radiation model (—, @) and with
k = 250 cm/s. The lower panels show the deviations (O, ®).

enough to account for transient effects in intensity decay. It is
probable that the intensity decays are more complex than the
double exponential at the higher quencher concentrations, but these
more complex decays were not unambiguously required to fit our
data. Of course, it is difficult to resolve the closely spaced decay
times for decay times near 100 ps. It is probable the double-
exponential model is successful because quenching accelerates the
overall decay. If a component remained with the original un-
quenched decay time, then we believe this would have resulted
in the need for a triple-exponential analysis. Additionally, it was
necessary to use three decay times to account for the frequency
response of indole quenched by acrylamide in the more viscous
solvent propylene glycol (not shown).

The decay parameters are informative because they reveal the
increased complexity of the decay with increasing amounts of
quenching. It is not presently possible to relate these parameters
to the molecular parameters which define diffusive transport in
these systems. However, these intensity decay parameters may
be compared numerically with theories or simulations of collisional
quenching.

Smoluchowski Analysis of Indole Quenching. The frequen-
cy-domain data were analyzed by using the decay law expected
from the Smoluchowski theory for quenching (eq 6 and 7). It
should be noted that this model is more restrictive than the
double-exponential model in that it contains only one additional
parameter (b) over a single-exponential decay, whereas the
double-exponential model has two additional parameters (7, and
a). The Smoluchowski approximation was found to provide good
fits to the data when the degree of quenching was less than 4-fold.
This is seen from the rather good fits obtained with eq 7 and the
modest values of xg? (Tables IV and V), which are comparable
to that obtained by using the double-exponential model. These
results indicate that eq 7 accounts for decay of quenched indole,
at least for 4-fold quenching or less.

At low quencher concentration the parameters recovered from
the analysis are reasonable in consideration of the size and mo-
lecular weights of the diffusing species. The apparent interaction
radii for indole and iodide or acrylamide are near 7 and 9 A,
respectively. The indole-acrylamide radius is in close agreement
with the value of 6—7 A calculated from the structures.’® The
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TABLE IV: Transient Analysis for Iodide Quenching of Indole in Water at 20 °C

exp(-t/r — 2bt'/?)

radiation model

[iodide], mM R A 10°D, cm?/s XR 10°D, cm?/s K, cm/s XR
12.5 8.0 0.37 1.6 5.9 1.12 (250 1.7
25 8.3 0.77 2.2 7.7 2.05 (250)° 1.6

(7.2-9.4)° (0.63-0.94)
50 10.0 0.54 1.6 7.7 1.73 (250 1.1
75 8.6 0.70 2.3 7.3 2.34 (250)® 1.7
100 9.9 0.54 1.7 7.4 2.17 (250)° 1.2
150 10.4 0.42 3.7 6.9 2.11 (250)° 2.3

(9.8-11.1) (0.36-0.47)
200 14.1 0.20 6.0 7.1 1.47 (250} 3.5
250 15.4 0.15 10.1 6.9 1.60 (250)f 3.8
300 17 0.10 8.9 6.9 1.87 (250 3.0
400 19.6 0.06 14.3 6.7 1.82 (250 4.2
(7) 1.02 162.9 (7 1.69 (250)° 43
500 40.6 0.004 533 6.7 1.59 (250)° 5.1

(36.8-41.2) (0.004-0.006)
Simultaneous Analyses

0-100 9.0 0.64 2.8 7.4 2.19 (250) 2.3
0-150 7.9 0.64 11.5 7.0 2.84 (250) 12.5
25-300 9.3 0.57 26.5 7.0 2.59 (250) 18.4
25-500 10.4 0.46 44.8 7.0 2.57 (250) 26.8

“The values in parentheses are the range of values consistent with the data for a 67% confidence interval, including the effects of parameter
correlation.?®® ®The values in angular brackets ( ) were held fixed at the indicated value during the analysis.

TABLE V: Transient Analysis of Acrylamide Quenching of Indole in Water at 20 °C

exp(-t/T — 2bt'/%)

radiation model

R A

[acrylamide], mM R A 10°D, cm?/s XR 10°D, cm?/s K, cm/s XR
25 6.5 1.24 1.8 7.51 3.30 (253) 2.0
50 7.2 1.06 1.7 7.46 3.28 (253) 2.0

(6.6-7.8)° (0.94-1.20)

75 7.6 0.94 1.9 7.37 3.51 (253) 2.4
100 10.8 0.50 4.1 7.53 2.42 (253) 6.3
150 9.6 0.54 5.4 7.04 2.99 (253) 1.7
200 10.2 0.50 10.2 7.05 3.06 (253) 3.8
300 13.5 0.23 14.2 6.89 2.49 (253) 4.7

(12.4-14.8) (0.18-0.29)
400 20.4 0.058 339 6.75 1.7 (253) 14.2
500 533 0.002 34.2 6.81 1.56 (253) 16.1
(7) 1.20 204 (7) 1.49 (253) 16.3
700 58.7 (0.001) 89.3 6.16 1.1 (253) 21.5

(52.9-66.5) (0.0004-0.001)
Simultaneous Analyses

0-75 7.1 1.07 2.0 7.38 3.55 (253) 2.2
25-300 8.2 0.80 31.2 7.07 3.79 (253) 19.6

(7.5-8.8) (0.69-0.94)
0-500 9.2 0.64 53.6 7.07 3.41 (253) 35.3

9The values in parentheses are the range of values consistent with the data for confidence interval of 67%, including the effects of parameter

correlation.2%30

apparent diffusion coefficients are near 0.7 and 1.2 X 107 cm?/s.
The apparent diffusion coefficient of acrylamide is close to that
of similarly sized molecules such as propanol or acetamide in
water, 1 X 107 cm?/s.335 However, the apparent diffusion
coefficient of iodide is less than one-half of the KI diffusion
coefficient, 1.8 X 1075 ecm?/s at 25 °C.%¢

The Smoluchowski model (£'/?) becomes inadequate at the
higher quencher concentrations (above 150 mM). This is evident
from the values of R, D, and xg? in Tables IV and V. As the
quencher concentration increases, the apparent value of R in-
creases, the apparent value of D decreases, and x g2 increases. At
the highest iodide or acrylamide concentrations the value of xg?
increases 33- or 50-fold, respectively, over the values at the lower
quencher concentrations. These increases are highly significant

(33) Efiink, M. R.; Ghiron, C. A. J. Phys. Chem. 1976, 80, 486-493.

(34) Landolt-Bornstein. Transport Phenomenon; Springer-Verlag: New
York, 1967; 11 Band, § Teil, pp 642 and 650.

(35) International Critical Tables of Numerical Data, Physics, Chemistry
and Technology; 1926-1930, Washburn, E. W., Editor-in-Chief; McGraw-
Hill: New York, 1926-1930; p 70.

(36) Handbook of Chemistry and Physics; CRC: Boca Raton, FL, 1967;
p F-45.

with the approximate 50 degrees of freedom. These systematic
changes in R and D are greater than the estimated uncertainties
in the parameters (Tables IV and V). The apparent values of R
and D change with quencher concentration to an extent greater
than the estimated uncertainties.

We questioned whether the sets of data for all quencher con-
centrations were consistent with the Smoluchowski model. The
data for a range of quencher concentrations were analyzed globally
with R and D as the floating parameters. If we use only the data
to 0.075 M of quencher, then the three or four data sets are
explained by eq 6, as seen by the reasonable values of x? (Tables
IV and V). However, if the data for the higher quencher con-
centrations are used, then the data are not consistent with the
Smoluchowski model. The values of xz? are elevated about 20-
fold, which is obviously unacceptable with the approximate 350
degrees of freedom for these global fits. We conclude that the
data are not consistent with the Smoluchowski model. Hence,
the resolution available from the frequency-domain data provides
details on the higher order transient effects in fluorescence
quenching.

Radiation Model Analysis. The data were then analyzed by
using the radiation model, resulting in a considerably improved
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Figure 7. Transient decay analysis of indole in the presence of 0.5 M
acrylamide. The data were analyzed by using the Smoluchowski mode}
with R fixed at 7 A (---, 0) and the radiation model with x = 253 cm/s.
The lower panels show the deviations (O, @).

match between data and the predicted values. This is seen in
Figures 6 and 7, where we compared the fits for both models. For
the Smoluchowski model we held the interaction radius constant
at 7 A, rather than using the larger and unrealistic values of R
which are found for the minimum value of x g% The data cannot
be fit by exp(—1/7 — 2bt'/?), as is seen by the mismatch of the
theory (---) to the data, and by the large and systematic deviations
between theory and data (lower panels). The radiation model (—)
provides a considerable improvement in the fit and smaller de-
viations (@) for quenching by either iodide or acrylamide.

The improved fit provided by the radiation model is also evident
from the values of R and D (Tables IV and V). We found that
x and R were highly correlated in the analysis, so it was usually
not possible to obtain reliable fits if x, R, and D were all floating
parameters. We choose x = 250 cm/s for both quenchers by
examining the values of R and D from the fit, while x was held
constant at values ranging from 50 to 500 cm/s. As « increases
R generally decreases. However reasonable values of R near 7
A were only found for « near 250 cm/s. Hence, this value was
used for all analysis in Tables IV and V.

The most obvious improvement with the radiation model is the
recovery of reasonable values of R and D at all quencher con-
centrations. For iodide quenching, the results appear to be just
as expected. The interaction radius is near 7 A, and the diffusion
coefficient is essentially equal to the expected value of 1.8 X 1073
cm?/s. The values of xg? at the highest quencher concentrations
are elevated about 3-fold, which is the same elevation found in
the multiexponential analysis (Table IT). Hence, the elevation
in xz? is probably intrinsic to the data sets at high quencher
concentrations, perhaps reflecting increased levels of random noise
in the data from the more highly quenched solutions. However,
we suspect the elevated values of x g* for the global fits may be
the result of the quencher concentration being treated in an ap-
proximate manner in this model (see below).

The radiation model yields somewhat less favorable results for
acrylamide quenching of indole. The interaction radius is ac-
ceptable, but the diffusion coefficients are initially [arger than
the expected value near 1 to 1.5 X 107% cm?/s.233° Additionally,
the apparent diffusion coefficient decreases with increasing
acrylamide concentration. One possible explanation for the
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larger-than-expected diffusion coefficient could be a rotational
component to quenching. Perhaps only a small region of the
indole—acrylamide surface is active in quenching. Then rotational
diffusion could bring these surfaces into contact. However, this
is clearly speculative, and considerably more data and analysis
are needed to clarify the meaning of the apparent diffusion
coefficients.

At higher quencher concentrations the radiation model seems
to fail for acrylamide quenching. This is seen by an elevation in
x &> above 0.4 M quencher. Since the emission is weakest at the
higher quencher concentrations, one could suggest the data con-
tains a higher degree of random noise. We do not think this is
the origin of the elevated values of xz?, as this effect would also
elevate x g* for the multiexponential fits (Table III), which was
not found to occur. Alternatively, we questioned whether the high
quencher concentrations could cause changes in viscosity and hence
cause a failure of the global fits. We found that the presence of
2 M acrylamide in water increases its viscosity by no more than
5%, which we consider to be too small to cause the poor fits we
observed. At present we believe the data for 0.4 M acrylamide
or higher display deviations from the radiation model.

Elevated values of x z* were also found for global fits by using
the data for the higher acrylamide concentrations (Table V). One
source of these elevated values of xg? could be small errors in the
quencher concentrations. However, we do not think this effect
is dominant because g’ is elevated to a similar extent for both
the single concentration analyses and for the global fits. In recent
experiments with other fluorophores and quenchers we continue
to observe elevated values of xz? for global fits with high quencher
concentrations (Lakowicz et al., unpublished observations). These
observations also argue against errors in the quencher concen-
trations. We suspect that the radiation model, as currently for-
mulated, is not completely valid for high concentrations of
quencher. In fact, it appears that the quencher concentration is
treated in an approximate manner (see ref 22, eq 22-29).
However, we are not aware of a more precise solution of the
radiation model, and we suggest that this solution be derived.

It is of interest to interpret the value of «, which is the specific
rate constant for quenching. This constant can be expressed in
the more familiar units of a bimolecular quenching constant (M~!
s7!) by forming the product k47 R%V’!? Using an interaction radius
of 7 A and k = 250 cm/s one finds the rate constant for quenching
to be 9.2 X 10° M1 57!, This value is similar to the bimolecular
quenching constant of indole by either iodide or acrylamide, which
from our data is about 7.1 X 10° M~! 571, This indicates that the
quenching reaction is faster than the diffusion-controlled encounter
rate. It is possible that « is larger than 250 cm/s but that the
faster rate cannot be determined from the data because this rate
does not limit the overall rate of quenching,.

In summary, the frequency-domain data for both iodide and
acrylamide quenching show clear deviations from the Smolu-
chowski moded. The radiation model appears to explain the iodide
quenching data, but small deviations from this model have been
detected for acrylamide quenching.

Discussion

The results and analyses indicate that the transient effects in
collisional quenching are easily revealed by the frequency response
of the fluorescence emission. Transient effects were first detected
previously by time-correlated single photon counting.!? These
workers examined the quenching of [,2-benzanthracene by carbon
tetrabromide in 1,2-propanediol. We suspect the transient effects
were easier to detect in this case because of the 10-fold longer
lifetime of 1,2-benzanthracene (~40 ns) and the 14- to 24-fold
smaller diffusion coefficient expected for CBr, in the more viscous
solvent (~5 X 107 cm?/s). It should also be noted that the shorter
decay time of indole and especially that of the quenched indole
samples would result in increased difficulty in the time domain
due to the pulse width of the flash lamps. The difficulty is evident
from the report by van Resandt,’* who studied the quenching of
N-acetyl-L-tryptophanamide by iodide using a 10-ps laser source,
time-correlated single photon counting, and a microchannel plate
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photomultiplier. Even with 350 mM iodide the intensity decays
were barely distinguishable from a single exponential. The data
were fit to the Smoluchowski model and did not provide any
evidence for the inadequacy of this model. This comparison
illustrates the sensitivity of the frequency-domain method to
transient effects in quenching. In spite of the difficult nature of
our samples, the transient effects were easily seen from the fre-
quency responses, even to the extent of demonstrating deviations
from the Smoluchowski model and possibly the radiation model.

The measured transient effects should be useful for comparison
with theories for diffusion in liquids. To explain the data it may
be necessary to use more complex models for diffusion-controlled
reactions. For instance, models have been described for the re-
action between asymmetric molecules which react over only a
limited region of their surfaces.”* The emphasis of these theories
has been toward determining the rate constants at long times.*
For comparison with the present data it will be necessary to
consider the transient effects for these less symmetric models,
which has been accomplished to some extent.>** Alternatively,
it may be preferable to shift away from such continuum models
and to consider instead molecular dynamics simulations for a
container of fluorophore, quencher, and solvent. Such simulations
have been performed to study self-diffusion in simple liquids.#'~3
Simulations could be performed to predict the intensity decays,
which could then be compared with the measured decays. Such
simulations could include the effects of concerted motions, frac-
tional reactivity, and rotational diffusion. Of course, lack of
agreement would force a reevaluation of the assumptions used
to accomplish the simulations.

And finally, quenching of fluorophores buried in proteins or
embedded in membranes should contain transient terms which
depend upon the diffusion rates of the quenchers within the
macromolecules and the rates of transfer across the water—
macromolecule interface. In fact, we recently observed that the
intensity decays of several single tryptophan proteins become more
heterogeneous in the presence of quenching by either oxygen or
acrylamide.’® Such measurements may be compared with mo-
lecular dynamics simulations of quencher diffusion within pro-
teins.’” Such data could also be compared with theories for
diffusion within specific geometric boundaries.*+-#
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And finally it should be noted that the presence of transient
effects due to quenching may invalidate some uses of quenching
to recover subpopulations of fluorophores in macromolecules. For
instance, lifetime measurements on progressively quenched proteins
have been used to determine which populations of tryptophan
residues are accessible to quenching.**>° Such measurements
have also been used to recover the individual emission spectra of
the classes of tryptophan residues.’®3! Tn some cases it was noticed
that the decays become more heterogeneous in the presence of
quenching. For instance, Cheung et al.>? found that the decay
of a labeled protein (myosin S1) was a single exponential in the
absence of quencher. In the presence of either acrylamide or iodide
the decay became more complex, as two decay times were needed
to fit the data. The origin of the increased complexity was un-
known, but the authors suggested the presence of two populations
of fluorophores. Additionally, Weber and co-workers>®° found
that the intensity decays of a long-lived (20 ns) myoglobin de-
rivative became multiexponential in the presence of oxygen
quenching. This effect was attributed to two populations of protein
molecules, with and without a resident oxygen molecule. It is not
our intention to criticize these carefully performed studies. Rather,
we wish to point out that the transient effects result in new and
shorter lived components in the intensity decays. These compo-
nents are revealed as short-lived components in the multiexpo-
nential analysis. Hence, the usual conclusion of greater quenching
of the longer lived population may not always be correct. Instead,
the transient effects may result in new components, which appear
as shorter components from the multiexponential analysis.
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