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Abstract

We examined the time-resolved and steady-state fluorescence quenching of N-acetyl-L-tryptophanamide (NATA)
by acrylamide and iodide, over a range of viscosities in propylene glycol. The quenching of NATA by acrylamide and
iodide results in heterogeneity of the intensity decay which increases with the quencher concentration. We attribute
the complex decays of NATA to transient effects in diffusion and the nature of the fluorophore—quencher
interaction. These data were compared using the phenomenological radiation boundary condition (RBC) and
distance-dependent quenching (DDQ) models for collisional quenching. We used global analysis of the time-resolved
frequency-domain and steady-state data to select between the models. Consideration of both the frequency-domain
and steady state data demonstrate that the quenching rate depends exponentially on the fluorophore—quencher
distance, indicating the validity of the DDQ model. The rate constants for acrylamide and iodide quenching, at the
constant distance of 5 A, were found to be near 10'* s=! and 10° s~ !, respectively. These rates reflect electron
transfer and exchange interactions as the probable quenching mechanisms, respectively. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Steady-state and time-resolved fluorescence
spectroscopy are extensively used in physical
chemistry and biochemistry [1]. Because the emis-
sion spectra are typically broad additional infor-
mation is found from the time-resolved decay of
the excited state, which determines the time
available for dynamic processes to affect the
emission spectral parameters [2]. Quenching of
fluorescence often decreases the mean lifetime of
the excited state and alters the time available for
rotational diffusion and spectral relaxation. By
performing lifetime-resolved or quenching-re-
solved measurements, one can determine the
timescale of these phenomena [3,4]. Additionally,
collisional or dynamic quenching of fluorescence
has been widely utilized to study the structure
and dynamics of biological macromolecules [4-9].
Collisional quenching is thought to require con-
tact between the fluorophores and quenchers dur-
ing the lifetime of the excited state. Studies of
quenching can yield information about diffusive
motions in solution, the accessibility of intrinsic
and extrinsic fluorophores in macromolecules to
externally added polar [7,8] and non-polar
quenchers [9] and the rates of diffusion of the
quenchers within proteins [5,9-12] membranes
[13,14] and lipid bilayers [15-17].

In the presence of quenching, the decays of
fluorescence intensity become more complex than
a single exponential due to transient effects
[18-21] which occur immediately following excita-
tion of the fluorophore. The origin of the tran-
sient effects in collisional quenching of fluores-
cence is the rapid decay of closely spaced fluo-
rophore—quencher pairs, followed by slower dif-
fusion-limited quenching of the remaining fluo-
rophores. These effects can be readily detected by
using frequency-domain fluorometry [20-23]. An
important feature of the present report is the
ability to independently recover diffusion coeffi-
cients, interaction radii and the form of the dis-
tance-dependent interaction between the tryp-
tophan as the fluorophore and acrylamide or io-
dide as the quencher.

We used two phenomenological models for col-
lisional quenching of fluorescence, the radiation
boundary condition (RBC) [18,24] and the dis-

tance-dependent quenching (DDQ) [25-28] to an-
alyze the experimental data. The DDQ model was
used to determine the rate of quenching at a fixed
distance. These rates were interpreted in terms of
the likely mechanisms of electron transfer and
exchange interactions for acrylamide and iodide,
respectively.

Considering the fact that structure of N-acetyl-
L-tryptophanamide (NATA) is representative of
tryptophan residues in proteins, and that the in-
ternal viscosity of proteins is highly variable, we
performed detailed studies of the time-dependent
intensity decays and steady state intensities of
NATA in propylene glycol over a range of viscosi-
ties when collisionally quenched by acrylamide
and iodide. The data from such solutions provide
the basis for interpreting similar quenching data
for tryptophan residues in proteins.

2. Materials and methods

NATA was from Aldrich and acrylamide
(>99.9%) electrophoresis purity reagent (lot
32285) was from Bio-Rad. Potassium iodide was
from Sigma and 1,2-propanediol (propylene gly-
col) (P.A. grade) was from Janssen Chimica. The
concentrations of NATA in the samples were
~5x10"*M, and were precisely the same in all
samples. The concentration of acrylamide ranged
from 0 to 1.5 M and the concentration of iodide
from 0 to 0.9 M at 20°C. At 0°C, —20°C, —40°C
and —60°C, the concentrations of acrylamide and
iodide were calculated based on the measured
decreases in the volumes of the solutions, which
were 1%, 2.3%, 3.5% and 4.6% compared to the
volume of the solution at 20°C, respectively. The
solutions were not purged to remove dissolved
oxygen. To minimize inner filter effects due to
absorption of the excitation beam the emission
spectra of NATA were measured using 1 cm X 0.4
cm cells with the excitation beam perpendicular
to the short axis. The excitation wavelength was
296 nm. Steady-state intensity emission of NATA
in propylene glycol was corrected for the absorp-
tion of acrylamide (A3°) at the excitation wave-
length. A correction factor, —log(Ag°/2), was
applied [29]. For iodide quenching of NATA the
samples contained KCIl and /or KI for total con-
centration of 0.5 M. These samples also con-
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tained 10"*M Na,S,0; to prevent the formation
of iodine.

Steady-state fluorescence measurements were
carried out with an SLM 8000 photon-counting
spectrofluorometer equipped with a thermostated
cell holder. The emission was detected by using a
R928 (Hamamatsu) photomultiplier tube. For
varying temperatures we used ULT-80 (Neslab)
circulating bath. Absorption spectra were mea-
sured on a Perkin-Elmer Lambda 6, UV /VIS
spectrophotometer. Phase and modulation fluo-
rescence measurements were performed using the
GHz frequency-domain fluorometer described
previously in detail [30,31]. The excitation wave-
length was 296 nm from a frequency-doubled
R6G dye laser, Coherent, Inc. The modulation
excitation was provided by the harmonic content
of a laser pulse train with a repetition rate of
3.795 MHz and a pulse width of approx. 7 ps. The
dye laser was pumped with a mode-locked Argon
ion laser (Coherent, Innova 15). The emitted light
was detected by using a microchannel plate PMT
(Hamamatsu R1564U) with external cross-corre-
lation. All intensity decays were measured by
using rotation-free polarization conditions (magic
angle polarizer orientation) in order to avoid the
effects of Brownian rotation. The fluorophore
emission was selected by combination of Schott
WG 335 and Corning 7-51 filters which transmit-
ted the emission from 325 to 400 nm (Fig. 1, ---).
At each modulation frequency we measure the
phase and modulation of the sample relative to
the lifetime reference which was 2,5-diphenyl-
1,3,4-oxadiazole (PPD) in ethanol (7= 1.25 ns at
20°C and 0°C, 7=1.26 ns at —20°C and —40°C,
and 7=1.27 ns at —60°C) [31]. The background
fluorescence and/or scattered light of acrylamide
or iodide in propylene glycol contribute less than
0.5% to the measured emission. The frequency-
domain data were collected using a dedicated
Minc 11/23 computer, and then transferred to a
Silicon Graphics IRIS CS /12 computer for analy-
sis. For all analyses, the uncertainties (8¢ and
dm) were taken as 0.2° in the phase angle and
0.005 in the modulation ratio, respectively.

3. Theory

Fluorescence quenching of NATA was investi-

gated using the global analysis of the frequency-
domain and steady state experimental data. The
corresponding theoretical values of the fre-
quency-domain observables, phase shift and mod-
ulation, are calculated based on the predicted
values of the fluorophore intensity decay I(z).
The steady state observable is the relative quan-
tum yield of the fluorophore. The theoretical
values of the quantum yield are calculated as
integrals of the decay I(¢) over time. Because of
the significant inhomogeneity of the fluorescence
intensity decay of NATA in the absence of
quencher the function (¢) is represented in terms
of the multi-component model:

10=1,Y aiexp[— Locf tkav(z')dt’} 1)

where I, is the intensity at ¢ =0, «; are the initial
amplitudes of the intensity decays associated with
the individual decay times 7, Cc? is the bulk
concentration of the quencher, and k_(¢) de-
notes the averaged time-dependent fluoro-
phore—quencher reaction rate. It is assumed
that the rate k,(¢) is the same for each inten-
sity decay component. The amplitudes «; are
normalized so that Y a; = 1.

In the absence of quenching, when C(? =0 or
k,,(¢) =0 for all ¢, Eq. (1) simplifies to:

=10 =1,% ajexp( d ) )

o
Eq. (2) is used to recover the lifetimes 7, and the
amplitudes «; from the unquenched fluorescence
decay. The fractional contribution of each decay
time component to the steady-state intensity is
expressed as:

Q;T;

fi= 3)
Loy,
J

and the mean decay time is given by:

7= fim 4)

i

In Eq. (1) the rate k,,(¢) is expressed as:
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—RBC MODEL

a k(r)=x8 (r-a)
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Scheme 1. RBC model for collisional quenching of fluores-
cence.

ke (1) = 4C—7§ [ rkC s ®)

where C,(r,t) is the concentration of the quencher
molecules at the distance r from the excited
fluorophore at time instant ¢, and k(r) denotes
the bimolecular quenching rate. In general, k(r)
is dependent on the fluorophore—quencher dis-
tance. In this paper, the two models, associated
with two different expressions for the quenching
rate k(r), are considered. In the case of the
radiation boundary condition (RBC) model
(Scheme 1) the rate k(r) can be expressed as:

DDQ MODEL

r—-a

k(r)=Kk, exp (- - )

SV

Scheme 2. DDQ model for collisional quenching of fluores-
cence.

k(r)=«ké(r—a) (6)

where « is the specific rate constant for quench-
ing and a is the fluorophore—quencher distance
of the closest approach. In this model quenching
is assumed only to occur at the distance (@) of
closest approach. This RBC model is an extension
of the classic Smoluchowski model in which the
rate of quenching is assumed to be infinite at the
contact distance. In the case of the distance-de-
pendent quenching (DDQ) model (Scheme 2) the
rate k(r) is given by:
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Fig. 1. Absorption and fluorescence spectra of NATA in propylene glycol at different temperatures. The dotted line shows the
emission spectrum of NATA observed through the combination of Schott WG-335 and Corning 7-51 filters used to select the
emission for intensity decay measurements. Insert: Dependence of the fluorescence emission maximum of NATA in propylene

glycol (@) on temperature with excitation wavelength at 296 nm.
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Fig. 2. Frequency response of the NATA intensity decay in propylene glycol at 20°C and at —60°C. (A and C) The open circles (O)
and solid lines represent the data and best single exponential fits in the absence of acrylamide, respectively. The closed circles (o)
and solid lines represent the data and best three-exponential fit with 0.5 M acrylamide, respectively. The dashed lines show the best
single exponential fits to fit data. (B) Similar to (A); (D) similar to (C), but for 0 and 0.5 M iodide. The closed circles (@) and solid
lines represent the data and best two- and three-exponential fits with 0.5 M iodide.

@)

k(r) = kaexp( . p a )
where k, denotes the value of the rate k(r) at a
distace r equal to the distance of the fluo-
rophore—quencher closest approach (r =a), and
r, describes the distance dependence of the rate.

In fluid solution, the effective concentration
C,(r,t) of the quencher molecules around the
excited fluorophores is affected by diffusion and
the processes of quenching. The bulk quencher
concentration is of course independent of time.
The effective concentration of quenchers around
the excited state depends on time and distance
because quenching depopulates the more closely
spaced pairs of quenchers and excited fluo-
rophore. In order to simplify calculations, one
introduces the function y(r,t)=C/(r,0)/CJ. In
the presence of diffusion the function y(r,t) is
governed by the diffusion equation. The equation

has an additional sink term which is responsible
for the through-space fluorescence quenching:

ay(r,t)

o ®

=DV?2y(r,t) —k(r)y(r,t)

where D =Dy + D, is the mutual diffusion co-
efficient of the fluorophore and the quencher
with diffusion coefficients Dy and D, respec-
tively. For the RBC model the through-space
fluorescence quenching does not take place, and
then the additional sink term k(r)y(r,t) in Eq. (8)
disappears. For both quenching models the initial
and outer boundary conditions of Eq. (8) remain
the same:

y(r=0)=1 9
lim y(r,t) =1 (10)
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The form of the inner boundary condition (at
r=a) depends on the particular model. For the
RBC model one assumes that:

[aygrr,t)] ) =%y(r=a,t) a1)

whereas for DDQ model the ‘reflecting’ or ‘spec-
ular’ boundary condition at r = a is used:

dy(r,t) _
252 -0 a2

The condition (12) indicates that within the DDQ
model the diffusive molecular flux at the
donor—quencher boundary vanishes, and that the
fluorophore is quenched exclusively by the
through-space quenching processes described by
the rate (Eq. (7).

For the RBC model the diffusion Eq. (8) can
be solved analytically yielding [32]:

fotkav(t’)dt'

_ 4wDak, k,
" 4wDa +k, 4mD2aa’
X eXp(aZDt)erfC(a\/E) + ZaE _ 1}}
v
(13)

where k, = 4ma’k and o« = dwDa + k,)/
(47Da?). One can see from Egs. (1) and (13) that
to be able to compare the experimental and theo-
retical data within this model, one has to know
the values of the following parameters: lifetimes
7, and their amplitudes «;; the fluorophore—
quencher encounter distance a; the specific
quenching constant «; and the diffusion coeffi-
cient D. In our analyses, r; and «; were found
from the least squares analysis of the frequency-
domain fluorescence decay registered in the
absence of quenching, the parameter a was esti-
mated from the sizes of the interacting molecules,
and « and D were evaluated based on the best fit
of the experimental and theoretical data in the
presence of quenching.

For the DDQ model an exact analytical solu-
tion of the Eq. (8) is not known, and numerical
methods are required. In this paper we used an
algorithm described previously [33,34] based on
the numerical solution of Eq. (8) in Laplace space
[35] and numerical integration of Eq. (5). Within
the DDQ model, the parameters needed to calcu-
late the predicted frequency-domain data are: the
lifetimes 7, and their amplitudes «;; the fluo-
rophore—quencher encounter distance a; the
value of the bimolecular quenching rate at the
encounter distance k,; the characteristic quench-
ing distance r,; and the diffusion coefficient D.
As for RBC analyses, 7, and «; were found from
experiments in the absence of quenching, and the
parameter a was estimated from the sizes of the
interacting molecules. The remaining three
parameters, k,, r. and D, were evaluated based
on the best fit of the experimental and theoretical
data in the presence of quenching.

To avoid confusion, we note an error which
appeared in Ref. [34]. In Eq. (19), p. 224, of this
paper, there should be a minus (not plus) before
o sin (wt,) and o sin (i, , ).

Using the technique of frequency-domain flu-
orometry [30,31], one compares the experimental
phase (¢,) and modulation () values with those
calculated (c) from the model intensity decay 1(z).
At given modulation frequency (w) these values
are given by:

¢.,, = arctan(N, /D,) (14)
Moy = (N2 + DD (15)
where
N, = [ I(sin(wt)dt (16)
0
D, = [ I(Deos(wi)dt (17)
0
J=["1(d 18
[O (¢)dt (18)

The steady state data are represented by the
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Table 1
Acrylamide quenching of NATA in propylene glycol — multi-exponential analysis of NATA fluorescence intensity decays at
different temperatures

Temp [Acrylamide] T 7 Q fi xR
O (ns) (ns) 1 exp. 2 exp. 3 exp.
20 0 5.277 5.277 1.0 1.0 1.23 - -
0.5 3.138 0.553 0.833
1.261 0.227 0.137
0.281 2.795 0.220 0.030 239.72 2.96 1.07
1.0 2.358 0.238 0.529
1.213 0.360 0.410
0.162 1.755 0.402 0.061 466.04 6.21 0.76
1.5 1.506 0.258 0.685
0.561 0.230 0.228
0.096 1.168 0.512 0.087 909.45 8.69 1.38
0 0 6.356 0.950 0.992
0.936 6.313 0.050 0.008 6.71 0.52 -
0.505 5.407 0.460 0.715
2.731 0.288 0.242
0.549 4.293 0.252 0.043 245.74 2.33 0.90
1.010 3.891 0.315 0.651
1.820 0.296 0.286
0.304 3.073 0.389 0.063 641.86 5.99 1.02
1.515 2.851 0.247 0.701
0.964 0.244 0.234
0.128 2.232 0.509 0.065 1132.66 13.92 0.83
-20 0 8.519 0.317 0.534
4.953 0.464 0.454
0.277 6.794 -0.219 —0.012 23.65 791 0.45
0.512 6.596 0.579 0.769
2.721 5.701 0.421 0.231 65.91 0.74 -
1.023 7.650 0.154 0.321
4.109 0.509 0.569
1.204 4.962 0.337 0.110 247.87 223 0.89
1.535 6.318 0.195 0.465
2.853 0.393 0.423
0.717 4.225 0.412 0.112 587.20 6.68 1.38
—40 0 8.452 0.200 0.578
4.523 0.548 0.394
0.477 5.931 —0.252 —0.028 62.89 10.60 1.07
0.518 6.759 0.343 0.613
3.269 0.437 0.378
0.159 5.378 —0.220 —0.009 22.66 7.32 1.37
1.036 6.094 0.426 0.649
2.439 4.811 0.574 0.351 104.75 1.92 -
1.554 5.959 0.291 0.573
2.339 0.520 0.402

0.402 4.365 0.189 0.025 272.67 7.53 1.24
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Temp [Acrylamide] 7 7 fi XR
O (ns) (ns) 1 exp. 2 exp. 3 exp.
- 60 0 12.432 0.020 0.045
5.387 5.704 0.980 0.955 2.15 1.22 -
0.524 6.193 0.385 0.591
3.444 0.445 0.381
0.675 4.991 0.170 0.028 119.07 2.20 0.28
1.048 6.075 0.296 0.582
2.839 0.395 0.362
0.563 4.595 0.309 0.056 412.20 6.55 0.67
1.572 5.761 0.227 0.544
2.431 0.373 0.377
0.471 4.088 0.400 0.079 725.81 11.01 0.82

Stern—Volmer-type quantity f defined as:

f=-1 (19)

where the ratio F/F,, expresses the relative quan-
tum yield of the fluorophore, with F, and F
being the fluorophore quantum yields in the
absence and presence of quencher. In order to
find the experimental value f, of the quantity f
for the kth concentration of the quencher, the
ratio F,,/F was replaced by the respective ratio
of photocurrents registered for the unquenched
and quenched sample. To find the calculated value
f.r of the quantity f, the ratio F,/F was calcu-
lated from the expression:

ocI“(t)dt
fo_ /0— (20)

/wl(t)dt

0

where I(¢) is given by Eq. (1) for either the RBC
or DDQ models and 7°(¢) is the fluorophore’s
intensity decay in the absence of quencher given
by Eq. (2).

Our previous studies [25-27,36] and prelimi-
nary analysis of the data discussed in this paper,
showed that the models (RBC or DDQ) and
DDQ parameter values (k,, r, and D) were bet-
ter resolved by insuring that both the calculated
intensity decay and the calculated steady state

intensities were consistent with the experimental
values. This is a consequence of the fact that
resolution of correlated parameters can be im-
proved by global analyses [37]. For analysis of the
data presented in this paper we developed a pro-
gram which simultaneously fits the frequency do-
main and steady state intensities by non-linear
least squares [38,39]. In the program, the best
fitted parameters and goodness-of-fit are de-
termined by the minimum value of:

et )
+ Z(ﬁ‘a;{”‘)z} (21)

k

where v is the number of degrees of freedom and
o¢, 6m, and 6f are the experimental uncertain-
ties. For all analyses, the uncertainties 6¢ and
om were taken as 0.2° in the phase angle and
0.005 in the modulation ratio, respectively. The
uncertainties &f, were calculated from the rela-
tion &f, =(F,/F,)* X (8F/F,). We assume un-
certainties of 6F /F,= 0.005 and 0.0005 for acryl-
amide and iodide quenching, respectively.

4. Results and discussion

4.1. Solvent viscosity effect on the emission spectra
of tryptophan

Absorption spectra and emission spectra of
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Table 2
Iodide quenching of NATA in propylene glycol — multi-exponential analysis of NATA fluorescence intensity decays at different
temperatures

Temperature [Todide] 7, (ns) T o fi Xe
€O (ns) (ns) 1 exp. 2 exp. 3 exp.
20 0 5.364 5.364 1.0 1.0 0.84 — —
0.2 4.877 0.792 0.895
2.162 4.592 0.208 0.105 15.92 0.92 —
0.5 3.932 0.734 0.907
1.116 3.670 0.266 0.093 85.40 1.04 —
0.7 3.455 0.678 0.855
0.947 3.167 0.322 0.115 131.68 1.22 —
0.9 3.171 0.546 0.790
1.375 0.250 0.157
0.574 2.751 0.204 0.053 186.79 1.47 1.15
0 0 6.963 0.677 0.759
4.625 6.400 0.323 0.241 3.57 0.95 —
0.202 6.246 0.771 0.893
2.521 5.847 0.229 0.107 26.49 0.82 —
0.505 5.644 0.669 0.859
1.867 5111 0.331 0.141 92.04 0.87 —
0.707 5.372 0.538 0.775
2.719 0.177 0.129
1.258 4.634 0.245 0.096 172.86 1.23 1.16
0.909 5.410 0.342 0.577
2.978 0.356 0.330
0.997 4.197 0.302 0.093 231.01 1.50 0.79
-20 0 6.730 6.730 1.0 1.0 20.23 — —
7.347 0.576 0.850
3.418 0.200 0.137
0.295 6.709 -0.224 —-0.013 20.23 — 0.31
0.205 7.136 0.451 0.841
2.783 0.202 0.147
0.135 6.408 —0.347 —-0.012 23.46 17.15 1.09
0.512 7.060 0.408 0.770
2712 0.309 0.224
0.087 6.043 —-0.283 —0.006 51.92 5.10 0.85
0.716 6.643 0.368 0.776
2.354 0.294 0.220
0.035 5.673 —0.338 —0.004 93.31 1.72 0.90
0.921 6.388 0.331 0.764
1.991 0.319 0.230

0.050 5.338 —0.350 —0.006 143.87 3.50 1.08
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Temperature [Todide] 7, (ns) T XR
O (ns) (ns) 1 exp. 2 exp. 3 exp.
- 60 0 7.690 0.097 0.137
5.200 5.541 0.903 0.863 1.22 0.66 —
0.210 5.518 0.849 0.941
1.925 5.306 0.151 0.059 18.91 0.77 —
0.524 6.379 0.386 0.571
3.580 0.495 0.410
0.708 5.124 0.119 0.019 73.89 1.97 0.50
0.734 6.439 0.301 0.488
3.564 0.535 0.481
0.757 4.880 0.164 0.031 109.56 231 0.40
0.943 5.950 0.338 0.566
3.171 0.433 0.385
0.760 4.626 0.229 0.049 196.31 3.15 1.01

NATA in propylene glycol for excitation at 296
nm over a range of temperatures are presented in
Fig. 1. The absorption band of NATA at 20°C
with the maximum at 282 nm remains at the same
position even at —60°C. However, the maximum
of the emission band of NATA which appears
near 355 nm at 20°C progressively shifts to higher
energy with decreasing temperature shifting to
near 334 nm at —60°C. The observed blue shift of
the emission (see Fig. 1, insert) is due to the
solvent viscosity effect. This effect is explained by
the inability of the solvent molecules at low tem-
perature to reorient during the lifetime of the
excited state of the fluorophore molecule [2].

4.2. Transient effect in fluorescence quenching of
tryptophan

Frequency-domain intensity decays of NATA in
propylene glycol at 20°C and at —60°C in the
absence and presence of acrylamide or iodide are
shown in Fig. 2. It can be seen that at 20°C, and
in vitrified propylene glycol at —60°C, the data of
fluorescence intensity decays of NATA in the
absence of quenching (O) can be satisfactorily fit
to a single exponential, as can be seen from the
values of yZ near unity. However, quenching by
acrylamide or iodide results in the shifting of the
frequency response to higher frequencies and the

mono-exponential model does not account for the
experimental data (dashed lines). This can be
judged by x3Z values which are 239.72 and 85.40
at 20°C and 119.07 and 73.89 at —60°C for 0.5 M
acrylamide and 0.5 M iodide, respectively. A
three-exponential fit was needed to fit the NATA
decays in the presence of acrylamide and two- or
three-exponential components are needed also
for the less efficient quencher, iodide. The results
of quenching, presented in Fig. 2, indicate that
the intensity decays of NATA become heteroge-
neous in the presence of acrylamide or iodide.
Importantly, acrylamide and iodide quenching
of NATA was observed even in the absence of
diffusion at —60°C (Fig. 2, lower panels). This
result suggests that quenching can occur by a
through-space interaction which does not require
diffusion for quenching to occur.
Multiexponential analysis of the frequency-do-
main intensity decays of NATA in propylene gly-
col in the absence and presence of acrylamide
and iodide at different temperatures are pre-
sented in Tables 1 and 2. It can be seen from the
tables that quenching of NATA by acrylamide or
iodide results in heterogeneity of the intensity
decays which progressively increase with the
quencher concentration. More complex decays of
NATA emission intensity are observed at —20°C
and at —40°C. Three-exponential decays with
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negative amplitudes of the lifetime components
were observed for NATA in propylene glycol even
in the absence of quencher.

Frequency-domains of the intensity decays of
NATA in propylene glycol at 20°C, 0°C, —20°C,
—40°C and —60°C in the absence and presence
of acrylamide or iodide are presented in Figs. 3, 4
and 7. In the presence of quenching frequency
responses of NATA are shifted to higher fre-
quency progressively with increasing concentra-
tions of the quencher. This corresponds to a
decrease in the mean decay time (see Tables 1
and 2). The complex decays of NATA are the
results of the transient effect in fluorescence
quenching. The observed effects are due to diffu-
sion and through-space interactions between
NATA and quenchers. Moreover, through-space
quenching alone explains the upward curvature in
Stern—Volmer plots (see Figs. 3 and 4).
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4.3. DDQ and RBC models for tryptophan
fluorescence quenching

Frequency-domain and steady-state data of
NATA quenching by acrylamide and iodide are
analyzed using the radiation boundary condition
(RBO), and distance-dependent quenching (DDQ)
models for collisional quenching of fluorescence.
We used multi-domain global analysis of the fre-
quency-domain and steady state data to recover
the variable parameters. The variable parameters
are a, D and « for the RBC model; a, r,, D and
k, for the DDQ model. From Figs. 3 and 4 it is
evident that the RBC model cannot account for
the frequency-domain data of NATA quenching
by acrylamide. The inadequacy of the RBC model
is also seen from the calculated quantum yields
shown on the Stern—Volmer plots. The inability
of the RBC model to account for the data is due

RBC__ - ]

Gl 1 1

0.0 0.5 1.0 15 20
[ACRYLAMIDE] ,(M)

o

Fig. 3. Left panel: Frequency-domain intensity decays of NATA in propylene glycol in the presence (left to right) concentration of
acrylamide at 20°C (0, 0.5, 1.0 and 1.5 M) and at 0°C (0, 0.505, 1.010 and 1.515 M). The solid lines show the best fit to the DDQ
model using: (upper) a =5 A and r, =0.322 A; and (lower) a =5 A and r.=0.318 A. The dashed lines show the best fit to the RBC
model using a =5 A. Right panel: Stern—Volmer plots for NATA quenched by acrylamide in propylene glycol at 20°C and at 0°C.
The solid lines represent the calculated values of [(F), /F ) — 1] using parameter values from the DDQ model for a =5 A. The

dashed lines represent the RBC model using also a =5 A.
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Fig. 4. Left panel: Frequency-domain intensity decays of NATA in propylene glycol in the presence (left to right) concentrations of
acrylamide at —20°C (0, 0.512, 1.023 and 1.535 M), at —40°C (0, 0.518, 1.036 and 1.554 M) and at —60°C (0, 0.524, 1.048 and 1.572
M). The solid lines show the best fit to the DDQ model using: (top) @ =5 A and r, = 0.317 A; (middle) a =5 A and r, = 0.313 A;
and (bottom) a =5 A and r. =0.318 A. The dashed lines show the best fit to the RBC model using a=>5 A. Right panel:
Stern—Volmer plots for NATA quenched by acrylamide in propylene glycol at —20°C, at —40°C and at —60°C. The solid lines
represent the calculated values of [(F,/F )o— 1] using parameter values from the DDQ model for a =5 A. The dashed lines

represent the RBC model using also a =5 A.

to the presence of a short lifetime component in
the intensity decays of NATA quenching (Figs. 5
and 6). In contrast to the RBC model, the DDQ
model precisely accounts for the data of NATA
quenching over the entire range of temperatures.
The results of analysis of NATA quenching by
iodide are exemplified in Fig. 7. In this case the
RBC model can account for the data at 20°C and
0°C, however, the DDQ model also allows for an
improved fit to the data. The results of the RBC
and DDQ analysis are presented in Tables 3 and
4 for acrylamide quenching and in Tables 5 and 6

for iodide quenching of NATA, correspondingly.
From Tables 4 and 6 it is important to note that
k, values for acrylamide quenching of NATA
(~10" s 1) and iodide quenching of NATA
(~10° s1) remain the same over the range of
temperature from 20 to —60°C.

In Table 7 we compared the diffusion coeffi-
cients obtained from the DDQ and RBC data
analysis with those calculated from the diffusion
theory using Stokes—Einstein equation:

D =kyT/67RY (22)
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Table 3

Global RBC analysis of NATA quenching by acrylamide in propylene glycol at different temperatures

Temperature T o Co a D K XR
(o) (ns) M) (A) (em®s™h (ems™)
20 5.277 1.0 0 (5) 7.19x 1077 {(7.07-7.31) x 10~} ® 1359
0.500
1.000  20.1{18.4-21.8} 9.57x 10™° {(6.96-13.2) x 10~ %} @ 225
1.500
0 6.356 0950 0 (5) 324 %1077 {(3.16-331) x 10~} o 173.5
0.936 0.950  0.500
1010 35.8{26.6-39.7} 3.09x 1071 {(2.74-994) x 10"} = 68.0
1515
—-20 8.519 0317 0 (5) 126 X 1077 {(1.21-1.31) x 10~} ® 185.6
4.953 0464 0512
0277 —0219 1.023  51.5{45.2-58.8} 294 %107 ' {(1.66-4.80) X 10" "} 80.5
1.535
—40 8.452 0200 0 (5) 8.86 X 10~ % {(8.48-9.26) X 10~ %) % 140.3
4523 0.548 0518
0477 —0252  1.036  98.1{84.4-1132}  1.42x10 '2{(0.77-2.49)x 10" "%} = 73.4
1.554
—60 12.432 0020 0 (5) 1.0x 10715 ® 1251
5.387 0.980  0.524
1.048
1572

#The numbers in braces {} represent the 67% confidence intervals obtained from the least-squares analysis.

where ky is the Boltzman constant, 7" is the
temperature in K, R is the radius of the molecule
and 7 is the viscosity of propylene glycol (45.66
CP at 20°C). The radius of the molecule can be
obtained from the relation R = GV /4mx)!/3
[18,40]. V' is the molecular volume calculated as
the sum of the van der Waals increments of
atoms in the molecule.

The diffusion coefficient recovered from the
intensity decay data of NATA quenched by acryl-
amide at 20°C usmg the RBC model for a =5 A
(719X 1077 ¢cm? s~ ') is larger than predicted
from the diffusion theory using the Stokes—Ein-
stein equation (3.09 X 1077 cm? s~ 1). This can be
explained by the compensation for the initial drop
in the intensity decay introducing some additional
quenching [36,28]. However, for iodide quenching
the recovered value of D using the RBC model
(2.89 x 1077 cm? s~ !) is in good agreement with

the value of diffusion coefficient predicted from
the diffusion theory (3.61 X 1077 cm~? s™'). On
the other hand, the DDQ model for acrylamide
and iodide quenching, results with the values of
D which are 1.86 X 1077 cm? s~ ! and 1.93 X 107
cm?® s!, respectively, and are slightly smaller
than the calculated value from the Stokes—Ein-
stein equation being 3.09 X 107 cm?® s~! and
3.61 X1077 cm? s™!, correspondingly (see Table
7). Such behavior usually is explained by the
fluorophore—solvent or quencher—solvent interac-
tions which slow diffusion [10,28], but this seems
to be the minor effect.

Considering the van der Waals radii R of the
indole chromophore of NATA (2.96 A), acryl-
amide (2.56 A) and iodide (1.99 A) (sce Table 7)
one can estimate the minimum encounter dis-
tance a as the sum of the radii for acrylamide and

iodide quenching of NATA to be 5.54 A and 4.95
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Table 4
Global DDQ analysis® of NATA quenching by acrylamide in propylene glycol at different temperatures
Temperature T o Co 1. D k, xR
) (ns) (RN (em’ s™") (10%s7h
20 5277 10 0 0.322{0.317-0.327)" 1.86x 10”7 {(1.82-1.90) x 10~ "} 5.50 {3.91-6.96} 5.80
0.500
1.000
1.500
0 6.356  0.950 0 0.318{0.313-0.322)  6.02x 10~ {(5.89-6.14) X 10~ 5} 3.85 {2.82-5.00} 3.13
0936 0.050 0.505
1.010
1.515
-20 8519 0317 0 0.317{0.312-0.322)  7.77x 107 {(7.37-8.23) x 10~ °} 5.28 {3.60-6.95} 3.42
4953 0464 0512
0.277 —0.219 1.023
1.535
—40 8452  0.200 0 0.313 {0.307-0.318)  2.69 x 10~ {(2.12-2.96) X 10~ °} 2.06 {1.49-2.87} 3.32
4523  0.548 0.518
0.477 —0.252 1.036
1.554
—60 12432 0.020 0 {0.318) %107 1.00 {0.85-1.09} 15.7

5.387  0.980 0.524

1.048 0.521{0.506-0.531} {1 x10"'%)

1.572

0.00119 {(1.02-1.44) x 1077} 7.29

#The distance of the closest approach a was held constant at 5 A during the analysis.
"The numbers in braces {} represent the 67% confidence intervals obtained from the least-squares analysis.

A, respectively. Previously, for the indole chro-
mophore of NATA, acrylamide and iodide the
molecular volume V' was calculated from the rela-
tion (4/3)mr,r,r, where r,, r, and r, are the van
der Waals radii of the molecules in the x, y and z
directions. The estimated values of r,, r, and r,
from the molecular models of indole, acrylamlde
and iodide gave rise to the average radii of 2.2 A
[26], 1.7 A [26] and 1.78 A [28], respectively. From
these radii the minimum encounter distance a for
acrylamide and iodide quenching of NATA can
be estimated as equal to 3.9 A and 3.98 A, respec-
tively.

Considering both distances for collisional con-
tact of the fluorophores and quencher molecules
ranging from 3.9 A to 5.54 A for acrylamide and
from 3.98 A to 4.95 A for iodide, we estimated for
both quenchers the optimal distance of the clos-
est approach a =5 A.

In Tables 3-6 for acrylamide and iodide
quenching of NATA, we list the goodness-of-fit
values ( yz) for global analysis of the frequency-
domain and steady-state data. Based on this anal-
ysis, we note that the RBC model can be excluded
based on the high ya values. In other instances,
we have noted that the parameter values often
become unreasonable prior to a significant eleva-
tion in yz. Using the DDQ model, it was possible
to fit the frequency-domain and steady-state data
at all temperatures, so as to result in a low value
of x4 (Figs. 3, 4 and 7).

In the RBC model the distance a describes the
radius of the sphere which contains the quencher
molecules which are able to quench the fluo-
rophore. In fact, the parameter a in the RBC
model (as well as in the DDQ model) describes
the radius of the sphere constituting the excluded
volume around the fluorophore. Quencher
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Table 5
Global RBC analysis of NATA quenching by iodide in propylene glycol at different temperatures
Temperature 7 Q Co a D K XRZ
C) (ns) ™ A (em®s™h) (cms™ )
20 5.364 1.0 0 (5) 2.89%x 1077 {(2.88-290) x 107 7}* o 10.15
0.200
0.500
0.700  9.06{8.7-9.4)  7.64x 10® {(6.95-8.51) x 10~ %} 24.4 (21.8-27.5) 3.94
0.900
0 6.963 0677 0 (5) 1.44 %1077 {(1.43-1.45) x 1077} @ 22.89
4.625 0323 0202
0.505
0.707 109 {10.1-11.7}  1.30 x 10~® {(1.0-1.67) x 10~ %} @ 11.80
0.909
-20 7.347 0576 0 (5) 9.82 % 107° {(9.7-9.93) x 10~ %} o 58.2
3.418 0.200  0.205
0295 —0.224 0512
0.716  51.9{46.9-53.6} 1.73x 107" {(1.54-257)x 107"} 25.14
0.921
—60 7.690 0097 0 (5) (1.0x 1071 @ 3418
5.200 0.903 0210
0.524
0.734
0.943

“The numbers in braces {} represent the 67% confidence intervals obtained from the least-squares analysis.

molecules are not found in this volume because
of molecular size and solvation. The possibility of
quenching appears in the RBC model only at
immediate contact of the fluorophore with the
quencher. No through-space interaction is taken
into account in this model. Because the number
of fluorophore—quencher pairs being in contact at
the time of excitation is extremely small, no
quenching can be simulated by this model when
the diffusion coefficient is assumed to be zero. An
increase of the value of the parameter a in this
model only increases the surface of the sphere on
which the fluorophore—quencher encounters may
appear. No fluorophore molecules can be stati-
cally quenched in this model, except at very high
quencher concentrations where there is immedi-
ate proximity at the moment of excitation. One
has to notice that the fluorophore can appear to
be statically quenched in terms of the DDQ
model. The quenching radius is modeled here by

value of the parameter r,. Because of the allowed
through-space interaction diffusion is not neces-
sary to quench the fluorophores having the
quencher molecules at distance a <r<a+ Q2 =+
3) X r,. In our opinion, this possibility of apparent
static quenching together with the assumed expo-
nential form of the fluorophore—quencher inter-
action constitutes the main advantage of the DDQ
model. Static quenching contributions cannot be
taken into account using the RBC model, but are
allowed in the DDQ analysis.

The difference between the DDQ and the RBC
models can be seen by examining the time-depen-
dent intensity decays as reconstructed from the
best fits to the frequency-domain data. These
reconstructed intensity decays are shown in Figs.
5 and 6, respectively. The DDQ model creates a
short decay time component during the first 10 ps
following excitation showing transition from one
decay time to another, as a gradual transition
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Table 6

Global DDQ analysis® of NATA quenching by iodide in propylene glycol at different temperatures

Temperature 7 o Co T, D k, XR
0 (ns) M) A) (em*s™h) 10’s™H
20 5.364 1.0 0 0.623 1.93%x107’ 5.94 3.56
0.200 {0.594-0.651)" {(1.87-1.98) x 107} {5.42-6.46}
0.500
0.700
0.900
0 6.963 0.677 0 0.631 5.68 xx107° 3.82 8.34
4.625 0.323 0.202 {0.593-0.673} {(5.25-6.19) x 105} {3.30-4.30}
0.505
0.707
0.909
—-20 7.347 0.576 0 0.557 3.62x107° 7.48 424
3.418 0.200 0.205 {0.543-0.571} {(2.56-5.12) x 10~°} {6.92-8.04)
0.295 —0.224 0.512
0.716
0.921
—60 7.690 0.097 0 0.513 1.0x 10715 6.86 4.76
5.200 0.903 0.210 {0.504-0.523} {6.34-7.38}
0.524
0.734
0.943

#The distance of the closest approach a was held constant at 5 A during the analysis.
"The numbers in braces {} represent the 67% confidence intervals obtained from the least-squares analysis.

from a fast to a slow decay. The characteristic
increase in intensity and delay in slow decays
observed at —20°C and —40°C is created by the
lifetime components with negative amplitudes.
The fast component in the fluorescence intensity
decay is responsible for the low phase angles at
higher frequencies and allowed for through-space
quenching interactions. Apparently, this more
complex intensity decay function is needed to
account for the combined frequency-domain and
steady-state data. The fast component in the de-
cays is not provided by the RBC model (see also
Fig. 8).

Fig. 9 show Arrhenius plots for NATA in
propylene glycol in the presence of acrylamide
and iodide correspondingly obtained based on the
RBC and DDQ models. The DDQ model gives
higher values of the activation energies (10.09 and
10.44 cal mol~!, see Table 8) which are closer to
the activation energy for propylene glycol ob-
tained from viscosity changes which is ~ 11 cal
mol~'. The mutual diffusion coefficients (D,,)
for NATA quenched by acrylamide and iodide

obtained from extrapolation of the arrhenius plots
to 20°C for the RBC and DDQ models are similar
to those D recovered from the decay data mea-
sured at 20°C (see Table 7).

4.4. Mechanisms of tryptophan fluorescence
quenching

Our data on acrylamide and iodide quenching
of NATA can be summarized based on the DDQ
analysis adequate for the both quenchers. The
Stern—Volmer plots for NATA in propylene gly-
col quenched by acrylamide and iodide are pre-
sented in Fig. 10 showing the difference in
quenching effect. Acrylamide is electrically neu-
tral and a strong quencher, while iodide is ionic
and a relatively weaker quencher of tryptophan
fluorescence. The difference in quenching is also
clearly seen by the frequency-domain data for
both quenchers (Figs. 3, 4 and 7) and on the
profiles of reconstructed time-dependent intensity
decays of NATA (Figs. 5, 6 and 8) when quenched
over the range of temperature (20°C, 0°C, —20°C
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Fig. 5. Reconstructed time-dependent intensity decays of
NATA in propylene glycol quenched by acrylamide at 20°C (0,

0.5, 1.0 and 1.5 M) and at 0°C (0, 0.505, 1.010 and 1.515 M) for
the best-fit RBC (- — —) and DDQ ( ) parameters.

and —60°C). The observed highly efficient
quenching NATA by acrylamide and less efficient
quenching NATA by iodide are now discussed
based on the mechanisms of interactions between
acrylamide or iodide and tryptophan.

Acrylamide is known to be an electron-accep-
tor [41]. Quenching of singlet excited tryptophan,
which is a good electron donor [41-45], can be
due to the electron transfer from tryptophan to
acrylamide. The acrylamide quenching of NATA
can be described by the transiently formed non-
emissive exciplex '(NATA®* --- Ac®)* which in
polar propylene glycol or aqueous solution is fol-
lowed by the charge separation and the formation
of the solvated radical ions [41,46]. This is shown
on the scheme:

NATA" + Ac

2 (NATA® - Ac® ), - NATA! + Ac; .
(23)

E NATA+Acr in PG.

s o
> 3.0f "20°C pbQ
7} i ---RBC
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Fig. 6. Reconstructed time-dependent intensity decays of
NATA in propylene glycol quenched by acrylamide at —20°C
(0, 0.512, 1.023 and 1.535 M), at —40°C (0, 0.518, 1.036 and
1.554 M) and at —60°C (0, 0.524, 1.048 and 1.572 M) for the
best-fit RBC (- — —) and DDQ ( ) parameters.

The efficiency of quenching is correlated with the
overall free-energy change, AGgy, for the elec-
tron transfer process and can be evaluated from
Rehm and Weller equation and theory of Marcus
(see Refs. [47,48]).

Iodide, bromide and alkyl halides are well es-
tablished as heavy-atom perturbers of lumines-
cence of aromatic and heteroaromatic fluo-
rophores [28,49-54] including indole [49,50] and
tryptophan [49]. The presence of heavy atoms or
heavy atom containing molecules in the environ-
ment increases the rates of spin-forbidden
processes of the fluorophores via a spin-orbital
coupling mechanism. The effect of heavy atoms in
decrease the fluorescence intensity is accom-
panied by increase the phosphorescence intensity
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Fig. 7. Left panel: Frequency-domain intensity decays of NATA in propylene glycol in the presence (left to right) concentrations of
iodide at 20°C (0, 0.2, 0.5, 0.7 and 0.9 M), 0°C (0, 0.202, 0.505, 0.707 and 0.909 M), —20°C (0, 0.205, 0.512, 0.716 and 0.921 M), and
—60°C (0, 0.210, 0.524, 0.734 and 0.943 M). The solid lines show the best fit to the DDQ model using from (top to bottom) a =5 A
and r, = 0.623 A, 0.631 A, 0557 A and 0.513 A, correspondingly. The dashed lines show the best fit to the RBC model using a =5
A. Right panel: Stern—Volmer plots for NATA quenched by iodide in propylene glycol at 20°C, 0°C, —20°C and —60°C. The solid
lines represent the calculated values of [(F, /F ) — 1] using parameter values from the DDQ model for a = 5 A. The dashed lines

represent the RBC model using also a =5 A.

and decrease the phosphorescence lifetime of the
fluorophores. For instance, 1 M sodium iodide
decreases the fluorescence intensity of 2-naph-
thalene sulfonate adsorbed on filter paper [51,53]
and enhances room temperature phosphores-
cence (RTP) 40-fold without altering the transi-
tion energy. Moreover, the RTP of indole on

filter paper is enhanced 370-fold and of tryp-
tophan 455-fold by addition of 1 M sodium iodide
[49]. The mechanism of the fluorescence quench-
ing of NATA by iodide during the collisional
contact can be explained by the exchange interac-
tions between the singlet excited tryptophan and
iodide causing the increase of the ISC process.
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Table 7

The van der Waals radii of the fluorophore and quencher and their diffusion coefficients in propylene glycol at 20°C

Molecule 4 R D° Dp+ Dy DDQ RBC
A% A (em*s™ b (cm®s™ b D° D¢
2 -1 2 -1
(cm”s™ ") (em”s™ ")
Indole 109.0 2.96 - - - -
NATA 2235 3.77 1.25x 1077 - -
Acrylamide 70.3 2.56 1.84x1077 3.09%x 1077 1.86x 1077 719%x1077
Todide 32.8 1.99 236 %1077 3.61x1077 1.93x 1077 2.89 %1077

*Calculated values of 1 and R using Ref. [18].
PCalculated values of D using Stokes—Einstein equation.

“Recovered values of D from the DDQ analysis (Tables 4 and 6).
dRecovered values of D from the RBC analysis (Tables 3 and 5).

This is followed by the separation of the triplet-
excited fluorophore and iodide according to the
scheme:

NATA* + 1~
- I(NATA - 17 B (NATA - 17)*
—3NATA* + 1~

The negative iodide ion cannot be an electron
acceptor and in the presence of excited tryp-
tophan cannot act as the efficient electron donor.
Therefore iodide quenching of NATA appears to
be due to an external heavy atom effect.
Electron transfer and exchange interactions
processes describe two mechanisms of quenching
NATA by arylamide and iodide, respectively. Both
processes depend on the short range interactions
requiring close contact between the reactants.
From the geometry of the molecules the contact
distance is in the range of 4-6 A. Using DDQ-
global analysis of the frequency domain and steady
state data for acrylamide and iodide quenching of

Table 8

NATA the distance of the closest approach a =5
A appears to be the most appropriate distance
allowing for excellent agreement between the ex-
perimental data and the best fit to the model (see
Figs. 3-8). From the DDQ analysis using a =5 A
(see Tables 4 and 6) acrylamide quenching of
NATA is characterized by a characteristic dis-
tance of r, =0.32 and bimolecular rate constant
for quenching k,=5.5x10" s7!'. For iodide
quenching of NATA r, =0.62 and k, =5.9 X 10°
s~!. The bimolecular rate constants recovered
from the DDQ analysis characterize quantita-
tively the acrylamide and iodide quenching of
NATA in propylene glycol (Figs. 3, 4 and 7).
Additionally (Fig. 8) we can also see that for the
less efficient quencher iodide there is no short
lifetime component in the intensity decay of
NATA.

5. Conclusions

We have examined the intensity decays of

Activation energies calculated from the temperature dependence of the recovered apparent diffusion coefficients obtained based on

the RBC and DDQ models

Quencher Parameters RBC DDQ

Acrylamide Dy (em?® s™1) 6.83x 1077 {(5.61-8.17) x 10"} 2.05x 1077 {(1.46-2.59) X 10~ "}
E, (kcal mol ") 4.73 {3.52-5.83} 10.09 {7.66-11.76}

Todide Dy (em® s™1) 2.83x 1077 {(2.33-3.45) x 1077} 1.94% 1077 {(1.41-2.65) x 1077}

E, (kcal mol ") 4.00 {1.81-6.19}

10.44 {4.28-16.60}

*The numbers in braces {} represent the 67% confidence intervals obtained from the least-squares analysis.
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Fig. 8. Reconstructed time-dependent intensity decays of NATA in propylene glycol quenched by iodide at 20°C (0, 0.2, 0.5, 0.7 and
0.9 M) at 0°C (0, 0.202, 0.505, 0.707 and 0.909 M), —20°C (0, 0.205, 0.512, 0.716 and 0.921 M) and —60°C (0, 0.210, 0.524, 0.737 and
0.943 M) for the best-fit RBC (- — —) and DDQ (———) parameters.

NATA in propylene glycol over a range of tem-
peratures and viscosities, when quenched by
acrylamide and iodide. We also examined the
Stern—Volmer plots which displayed significantly
upward curvature. The data could not be ex-
plained by the RBC model. However, the data
were consistent with the distance-dependent
model where the rate of quenching decreased

exponentially with the fluorophore—quencher dis-
tance. The presence of a distance-dependent
and/or through space interaction was demon-
strated by the presence of quenching in frozen
solution where diffusion does not occur.

For both iodide and acrylamide quenching the
quenching rate constant decreases rapidly with
distance, and the interactions are very local (<1

-5 -

. °[ NATA + Acrylamide in PG. S NATA+ KI in PG.
N
£
(8]
[a]
(o))
kel

-10 1 1 1 1 -10 1 1 | 1 |

35 4.0 45 35 4.0 45
1/1 (k™) 1/1 (k™

Fig. 9. Arrhenius plots for NATA in propylene glycol in the presence of acrylamide (left) and iodide (right) obtained based on the

RBC and DDQ models.
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NATA in P G., 20°C

1
(0] 0.5 1.0 1.5

[ QUENCHER],(M)

Fig. 10. Stern—Volmer plots for NATA in propylene glycol at
20°C quenched by acrylamide (@) and iodide (O) showing the
difference in the quenching effect. The solid lines represent
the calculated values of (F,/F) — 1 using the parameter val-
ues from the DDQ model.

A). However, the quenching rate constant at the
contact distance is much larger for acrylamide
(5.5x 10" s71) than for iodide (5.9 x 10° s~ 1).
This difference in rate constants demonstrates
that acrylamide quenching occurs by an electron
transfer mechanism and that iodide quenching
occurs by heavy atom (exchange) interactions.
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