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Excited-state Reactions of Coumarins in Aqueous Solutions. II.
The Fluorescence Quenching of 7-Ethoxycoumarins
by Halide Ions
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Electrotechnical Laboratory, 1-1-4 Umezono, Sakura-mura, Nithari-gun, Ibaraki, 305
(Received November 2, 1983)

The fluorescence yield and the fluorescence lifetime of 7-ethoxycoumarins in aqueous solutions are reduced
with the increase in the temperature and in the concentration of the quenching agents. The radiationless
deactivation of the excited state in the absence of quenchers is temperature-dependent; its activation
energy has been determined to be 32.5—34.8 k] mol~!. The quenching reaction due to halide ions proceeds

via both a diffusional and a static process.

(9.7—10.2)X10° mol-1dm3s~! in the case of I~ as a quencher.

The rate constant for the diffusional process has a value of

The static quenching component can be

approximately described by the V[Q ] expression, with the static quenching constant, ¥, being 1.6—1.8 mol~!

dma3.

The quenching efficiencies that represent the probability leading to real quenching reactions by an

encounter of the molecule and the halide ion are unity for I-, 0.39—0.42 for Br—, and almost zero for Cl-.
The possible physical interpretation of the quenching mechanism is discussed in relation to the electron

transfer between colliding species.

Although a considerable volume of data has been
accumulated on the luminescence properties of various
coumarin derivatives,? few works have appeared on the
fluorescence-quenching of the molecule in solution by
unlike molecules or by inorganicions. We have already
examined in detail the fluorescent behavior of 7-
hydroxycoumarins,? and our study hds revealed that
the molecules have several molecular species in the
optically excited state, depending on the pH of the
solution. This situation has made it very difficult to
investigate the fluorescence-quenching effects of these
molecules because of the complexity of the fluorescence
spectrum itself in the absence of quenchers. If the
hydroxyl group of 7-hydroxycoumarins is replaced by
the ethoxyl group, then the neutral species becomes the
only species existing in the excited state as well asin the
ground state, and the fluorescence spectrum becomes a
very simple one over a wide pH range in aqueous solu-
tions, in contrast to the case of 7-hydroxy-substituted
coumarins. Accordingly, 7-ethoxy-substituted coumar-
ins are a convenient group for a fundamental study of
fluorescence-quenching reactions of coumarins.

The quantum yield of molecules in solution is
known to be affected by a variety of factors, such as the
temperature, the viscosity, and the concentration of the
quenching agents. In this paper, halide 1ons have been
chosen as quenchers, and the fluorescence intensities of
7-ethoxycoumarin (1) and 7-ethoxy-4-methylcoumarin
(2) in aqueous solutions have been measured as a func-
tion of the concentration of the quencher and the
temperature of the solution. The reaction-rate constant
for fluorescence quenching by halide ions and the sev-
eral activation energies related to it will be derived by
means of the obtained data, and the quenching mecha-
nism will be discussed in detail.

Experimental

Materials. The high-purity-grade reagents of 7-eth-
oxycoumarin (1) and 7-ethoxy-4-methylcoumarin (2) were
obtained from Molecular Probes, Inc., and used as purchased.
Their melting points were determined distinctly by means of
differential thermal analysis (DTA); the purity was revealed

to be very high by the measured DTA curves:® 1, mp 84.8 °C
2, mp 115.5°C. The sodium chloride, sodium bromide, so-
dium iodide, and sodium thiosulfate were pure and were ob-
tained from Wako Pure Chemical Ind. The water was per-
meated and distilled.

Methods. The UV absorption spectra at the ambient
temperature were obtained on a Hitachi 323 spectrophotome-
ter. The fluorescence-intensity measurements were done on
a Hitachi MPF 4 spectrofluorometer with an S-5 type photo-
multiplier tube. For the temperature-dependence studies, we
used a hollow cell holder, through which water from a
constant-temperature bath was circulated. The temperature
in the cuvette could be controlled to within +0.5° between 10
and 50 °C, and was monitored directly by means of a thermo-
couple immediately after the fluorescence measurement.

The wavelengths of the excitation light were chosen to be
324nm for 1 and 321 nm for 2, which corresponded to the
absorption maxima. The concentrations of the fluorescent
molecules in the aqueous solution were =5X10~% mol dm~3
for 1 and =4X10~5 mol dm=3 for 2, with which the reliable
and stable recording of the fluorescence spectra was ensured.4
Since the shape and position of the emission spectrum were
not noticeably altered by either the change in the temperature
or by the addition of a quencher, the fluorescence intensity
was usually determined by the measurement of the relative
intensity at the emission maxima, which were found at
390 nm and 382 nm for 1 and 2 respectively.

In the quenching experiment, the fluorescence of a series of
samples, containing a constant amount of a fluorescent com-
pound and a graduated amount of a quencher, was measured.
The stocked solutions of quenchers used to vary the concen-
tration of the halide ions were 4M NaCl, 2M NaBr, and 0.2M
Nal (containing =10=4 M Na2S203 to prevent I3~ formation;
1 M=1 mol dm~3). The quenchers had no disturbing absorp-
tion in the wavelength region of interest.

The fluorescence lifetime measurements were performed by
using a time-correlated single-photon-counting fluorometer
similar to the one described in Ref. 5. Because the determined
lifetime becomes less accurate for lifetimes shorter than 2 ns
when our apparatus was used, the supplemental relationship:
I(t

), 1)

o

To(t) = 78°

was used to obtain the temperature dependence of the lifetime
at higher temperatures, where t3° and to(¢), 13° and Io(t) are the
lifetimes and the emission intensities at 20 °C and ¢ °C in the
absence of a quencher. The viscosity of water was taken from
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the literature.

Results and Discussion

Temperature Dependence of the Fluorescence Lifetime.
A frequently postulated kinetic scheme for the fluo-
rescence-quenching process is as follows:

Lyvs
A+ hy, — A*

A% £ Q = (AQ)* > A+ Q
AN ks
VA

A+hvg A

Here, A, Q, and hv represent the fluorophore, the
quencher, and the light quantum; A* and (AQ)* are the
excited states of the fluorophore and of the encounter
complex between A and Q respectively; the k’s are the
reaction-rate constants, and the n’s are the transition
probabilities. When the quencher is absent, the life-
time, 7o, and the quantum yield, ¢o, of the excited
molecule at ¢ °C are given by:

_ 1 _ 1
7(t) = ) and ¢,(¢) = PREEAOK (2)

where n; and n2 are the radiative and radiationless
transition probabilities respectively. The temperature
dependence of the lifetime or the quantum vyield of 1
and 2 in an aqueous solution is quite large, as may be
seen from Fig. 1. Because of the effect of the slight
broadening of the emission spectra at higher tempera-
tures, the integrated area of the spectrum was used to
estimate the rigorous quantum yield. No shift in the
wavelength of the emission maximum was observed
upon raising the temperature, suggesting that the fluo-
rescing state itself is not altered at all.

If the reasonable assumptions are made that n; is
independent of the temperature (at least in the region
between 10 to 50 °C) and that only one radiationless
deactivation process is significant, then the tempera-
ture dependence of the lifetime may be expressed by:

3+ .
2 2t . .
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¥ ° .
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% 20 40 60
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Fig. 1. Temperature dependence of the fluorescence
lifetimes of 7-ethoxycoumarins in aqueous solution.
O, 7-ethoxycoumarin (1); @, 7-ethoxy-4-methyl-
coumarin (2).

Tetsuo Moriva

[Vol. 57, No. 7

1
i~ m e = exp(— IfT) 3)

where nJ is the frequency factor for the deactivation
process and involves the entropic component of the
corresponding free energy of activation, Ez is the activa-
tion energy for the deactivation process, R is the gas
constant, and T is the absolute temperature. By means
of the numerical fitting of Eq. 3 with the data in Fig. 1,
the value of n; can be determined; Fig. 2 shows the log-
arithmic plots of (1/70)—n1 vs. 1/T, from the slope of
which we have obtained the Ez of Eq. 3. The actual life-
time, 7o, at 20 °C, the radiative lifetime, 7,(=1/n1), and
the activation energy, E3, are listed in Table 1. It is
known from the obtained values that the radiative and
radiationless transition probabilities are of the same
order at around 20 °C. The activation energies of 32.5—
34.8 k] mol1are similar to those for tryptophan deriva-
tives in water;® this similarity may be related to the
activation of a ““tunneling”’ process from the excited to
the ground state or, alternatively, of an electron-ejecting
process of the molecule to the solvent. It may be noted
here that the assumption of only one deactivation pro-
cess is an expedient one because the examined tempera-
ture range is not so wide as to exclude completely the
existence of the temperature-independent term or other
types of temperature-dependent terms. In contrast to
the case of an organic solvent,” the quenching by dis-
solved dioxygen in an aqueous solution has been shown
by the lifetime measurement to be unimportant.
Fluorescence Quenching by Halide Ions. In the
quenching reaction between an excited state of a fluoro-
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Fig. 2. Logarithmic plots of (1/zo)—n, vs. 1/T. n, is
chosen to be 2.92x 108 s~ for 1 and 3.11x 108 s~ for
2: 0, 1; @, 2.

TABLE 1. ACTUAL AND RADIATIVE LIFETIMES, AND
ACTIVATION ENERGIES FOR THE RADIATIONLESS
TRANSITION PROCESS

Substance To/ns?) n,"1/ns E,/kJ mol-!
1 2.0, 3.4, 34.8
2 2.2 3.2, 32.5

a) The values at 20 °C.
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Fig. 3. Stern-Volmer plots for the fluorescence quenching by I- (A), Br- (M), and Cl- (@) in

aqueous solution at 20°C.

phore, A* and a quencher, Q, the encounter complex,
(AQ)*, that is formed with a diffusion-controlled rate
constant, ki, reacts to dissipate the electronic energy by
some internal-mechanism rate constant, k3. For such a
case, the Stern-Volmer relationship under steady-state
conditions is described by:®

o

L+ KlQ] = 0,

4)
where ¢o and ¢, Io and I, are the quantum yieldsand the
emission intensities in the absence and in the presence
of Q, respectively. K, is the collisional quenching
constant, which is equal to kq7o; kq is the apparent rate
constant for the collisional quenching process; it is
given by:

kg

kyt+-ky " )

kq = yk; and y =
Here, y represents the efficiency of the quenching reac-
tion, which approaches unity if kg<<ks. When notevery
encounter between Q and A* results in quenching, the
efficiency of the reaction becomes less than unity, and kq
is approximately equal to kika/ks if ko>ks.

The data in Figs. 3(a) and 3(b) are the Stern-Volmer
plots obtained when Cl-, Br—, and I~ were used as
quenchers. Cl— had no effect on the fluorescence inten-
sity when [C17]<0.5 mol dm=3. Br~ and I~ drastically
quenched the fluorescence of both 1 and 2. When I~ is
used as a quencher, it may be seen from Fig. 3 that the
plots are apparently curved upwards in a fashion sim-
ilar to those found in many other detailed quenching
studies.? This type of deviation from the expected
linear plot can be explained by the fact that only a
certain fraction, W, of the excited state is actually
quenched by the collisional mechanism. Some mole-
cules in the excited state, the fraction of which is 1—
W, are deactivated almost instantaneously after being
formed because a quencher happens to be randomly
positioned in the proximity at the time the molecules
are excited and interacts very strongly with them. Sev-
eral models can be employed to describe this instantane-
ous or “‘static”’ quenching process, all leading to the
following modified form of the Stern-Volmer equation:

(a), 7-ethoxycoumarin (1); (b), 7-ethoxy-4-methylcoumarin (2).

S _ 1+KL[Q] L (6)
¢ w I’
Model 1. The complete Smolchowski equation

for diffusion-controlled reactions contains an often
neglected transient term:10.10

ky = 4nN’RD + 4R%(nD)Y/2 t-1/2
= (steady state term) + (transient term)

(7

where N’ is Avogadro’s number per millimole, R is the
encounter distance between the reactants, D is the sum
of the individual diffusion coefficients of the reactants,
and ¢ is the time. The retention of the latter term leads
to an additional factor, W, in the Stern-Volmer equa-
tion which is approximately equal to exp(—V[Q]),
where V is the static quenching constant.19

Model 2. Frank and Vavilov!? have suggested
that instantaneous quenching results at those instances
in a randomly distributed system when a quencher
happens to reside within a “sphere of action” with a
volume of V/N’ and a radius of r, i.e., V/N’'=4nr3/3,
surrounding a fluorophore at the time of excitation. In
this case, W is also given by this expression: exp(—F[Q]).

Model 3. In the model of Moon etal.,1® instan-
taneous quenching follows the excitation of the
ground-state complex, (AQ). Such a situation can be
described by adding the following reactions to the
primary scheme:

Taned

A + hyy, — A*

“|

s (1-0)

(AQ) + by —% (aq)
where:
1 (AQ]
d ko= 0%
I ereenkoi@l 2™ = @anar ®

eag and ¢a being the molar extinction coefficients of
(AQ) and A respectively at the excitation wavelength.
Then the fraction, W, is given by:

O+holky _12)
y(6+ %)

1+ kylky h ®)

W =
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If the dark complex, (AQ), is really formed in the solu-
tion, 8 decreases from unity and, therefore, W decreases,
leading to the decrease in the quantum yield.
Because the fraction, W, depends on the concentra-
tion of Q in all the cases mentioned above, the Stern-
Volmer plots for a quencher with high quenching
ability generally deviate from a linear plot. In order to
extract more tractable information from these models,
itis sensible to calculate the value of {1—(1/10)}/[Q], that
is:
1— (/1) I 1-w
@ - T
For Models 1 and 2, when V[Q]<1 is satisfied,
W=1—V[Q] and Eq. 10 is written as:
1— (/L) 1
o Koy ot V. (11
For Model 3, when (eaq/ea)K[Q]<1 is satisfied, W=
1—y(eaq/€a)K°[Q] and Eq. 10 is written as:

(10)
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Fig. 4. Plots of [1—(I/I)]/[Q] vs. I/I, at 20°C. I-
as a quencher: O, 1; @, 2. Br~ as a quencher: A,
1; A, 2.
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In any case, {1—(1/1v)}/[Q] is described by the form of
a(l/Io)+b when the concentration of quenchers is rela-
tively low. Naturally, the second term, b, of Eq. 10
becomes strictly zero if the linear condition, i.e., W=1,
is satisfied. The plot of {1—(I/10)}/[Q] vs. 1/Io, there-
fore, becomes linear in this approximation, the slope, a,
of which is Ksv, and the intercept, b, of which at1/Io—0
becomes V or p(eaq/ea)K®, depending upon the model
being used.

Fig. 4 shows the plots of {1—(1/10)}/[Q] vs. 1/1o for
Compounds 1 and 2 in an aqueous solution at 20 °C.
The quenching effects by two halide ions, i.e., Br—and
I-, have been examined. As can readily be seen from
Fig. 4, the effect of varying the fluorescent molecule on
the slope and intercept is rather small, but that of vary-
ing the quenching ion from Br~to I~ is large; the values
of Ksv (=kg7o) and b at 20 °C are listed in Table 2. As for
the case of Br—, the deviation from the linear Stern-
Volmer relation is small, because b is very small; this is
also known from the plots in Fig. 3. On the other hand,
b is much larger for I, and the deviation becomes quite
large. It may be noted that, in spite of such a deviation
from the Stern-Volmer plot, the approximations made
in Egs. 11 and 12 are fully appropriate, as the expansion
inacuracy is less than 4% over the concentration range
of the quencher used. Accordingly, the newly derived
relation of Egs. 11 and 12 turns out to be a more power-
ful equation for the analysis of strongly quenching
processes than the usual Stern-Volmer equation.

(12)

TABLE 2. VALUES OF THE QUENCHING CONSTANT Ky
AND THE CONSTANT b AT 20°C

Substance Quencher K y/mol~'dm3 5/mol-!dm?
1 Br- 8.5 0.1
I- 20.3, 1.7
2 Br- 8.4, 0.0,
I- 21.7, 1.9

a) b is the value for the second term of Eq. 11 or 12.
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Fig. 5. Arrhenius plots of the rate constants for the collisional quenching, and plots of the static
quenching constants vs. 1/T. Br~ as a quencher: (a), 1; (b), 2.
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Temperature Dependence of the Rate Constant.
The collisional quenching constant, Ksv, depends, of
course, on the temperature through the temperature
dependence of the quenching-rate constant, kq, and
the lifetime, 7o. The values of Ksv and 7o at tempera-
tures between 10 and 50°C could be known by
independent measurements, so that the temperature
dependence of kq was readily estimated from these
values; the logarithm of kg is plotted against the
inverse of the absolute temperature in Figs. 5 and 6. It
is clear that the plots of log kq vs. 1/T are linear in
the temperature range measured. Assuming kqX
exp(—E4/RT), the activation energy, E,, for the colli-
sional quenching process was obtained from the slope
of this plot; it is listed in Table 3. It seems that Eq
is dominated mainly by the species of quenchers, since
Compounds 1 and 2 have very similar values of E, for
Br— and I~ respectively.

Concerning the case of I-, Eq has been found to be
16.3 and 15.6 k] mol-! for 1 and 2 respectively; these
values are very similar to the value obtained for indole
derivatives in water, z.e., 15.5 k] mol=1.19 As will be
mentioned later, these values are also very near the
activation energy for the viscosity of water; this suggests
that the rate of reaction is limited only by the diffusion
of the reactants through the aqueous solution. E, for
Br— is somewhat less than these values; the reason for
such a difference will be discussed below.

The plots of b in Figs. 5 and 6 show no indication of
the temperature dependence in any case. Model 3 pre-
dicts that b is temperature-dependent, for the equili-
brium constant, K% contained in the expression of b

Excited-state Reactions of Coumarins
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varies with the temperature. This fact would contradict
the experimental result, although the small possibility
that K°, as well as b, varies very slowly with the tempera-
ture cannot be denied. Furthermore, no trace of the
ground-state complex, (AQ), could be found by means
of the absorption measurement, even if the concentra-
tion of a halide ion was set extremely high. Therefore,
the deviation from the linear Stern-Volmer relation is
not due to the process described by Model 3. Model 1
also predicts the dependece of b on the temperature
through the temperature dependence of the diffusion
coefficient, which is contained in the transient term
of Eq. 7.

On the other hand, Model 2 uses only the statistical
nature of the quenchers distributed around the fluores-
cent molecule, so that no dependence on the tempera-
ture is predicted in accordance with the experimental
result. For these reasons, it seems most reasonable, in
the case of the coumarin derivatives in an aqueous
solution, to discuss the quenching phenomena in terms
of Model 2, i.e., the sphere-of-action model. By equat-
ing b with V, the values of V averaged over temperatures
shown in Table 3 are obtained. Using the relation:
V/N’=4nr3/3, the radius of the sphere of action for the
quenching by 1- is estimated to be 8.6 A for 1 and 9.0 A
for 2. These radii are slightly larger than the value,
6—7 A, which can be estimated as the sum of the radii of
the coumarin and the iodide ion. This clearly shows
that the instantaneous quenching can occur if the
quencher is very near to, or in contact with, the fluores-
cent molecule at the exact moment that it becomes
excited. In the case of Br—, the active volume element,

= rosf (a) ~ 105} (b)
) 'n
™ ”™
E
o ~ s
T "~ T e
<] e, ° .
£ ~e. .
Eroof — ~ E oo — T,
> e N ~.
& \.\ xc .\
~ * ~ .
= ~ =4 o~
° °
9.5 J20E  9st 120
o ) a._o __° — o
o °© 2 - T o o ® 1
© ° 415 © H1.5 @
£ £
P 3
9.0 1 'l Il 1 1 1 1.0 9. - 1 1 ' 1 1 1'
30 3.2 34 36 g.O 3.2 3.4 36 0

(1000/T)/K™

Fig. 6. Arrhenius plots of the rate constants
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for the collisional quenching, and plots of the

static quenching constants vs. 1/7. I- as a quencher: (a), 1; (b), 2.

TABLE 3. RATE CONSTANTS FOR THE COLLISIONAL QUENCHING PROCESS AT 20 °C, ACTIVATION ENERGIES
FOR THE COLLISIONAL QUENCHING, STATIC QUENCHING CONSTANTS, AND RADII OF THE SPHERE OF ACTION

kqx 10-° Eq V r

Substance Quencher ol dm® st ————kJ ol ool dm? A
1 Br- 4.3, 11.7 0.0, 3.2
I- 10.15 16.3 1.6, 8.6
2 Br- 3.7 9.9 0.0, 2.5
I- 9.6, 15.6 1.8, 9.0
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V/N’, is much smaller and r is less than 4 A (see Table
3). This is attributable to the weakness in the quench-
ing ability of Br-, in comparison with that of I,
because the contact of the quencher with the fluoro-
phore does not always lead to subsequent fluorescence
quenching.

Quenching Efficiency. If the values of R and D
are reasonably assigned as 7 A and 1.5X10-5 cm2s,
based on the molecular and ionic volumes and the
Stokes-Einstein relation,® the diffusion-limited value
of the quenching-rate constant, ki, can be calculated
to be 7.9X10°mol~!dm?ds~1 by using the steady-state
portion of Eq. 7, i.e., ki=4wN’RD. It was previously
mentioned that the actual quenching rate, kq, is given
by ks=pk1, where p is the efficiency of the quenching
reaction. Although the value obtained above is only
a rough estimation, it is close to the experimental
values for I- which are shown in Table 3; the quench-
ing-rate constants for Br~ are somewhat smaller. This
indicates that the efficiency of the quenching reaction
by I~ is almost unity, while that of the reaction by Br~
is less than unity. The diffusion coefficients of Br-
and I~ in water do not differ very much; therefore,
assuming =1 for I, the value of y for Br~ is estimated
by means of Eq. 5 to be 0.42 for 1 and 0.39 for 2, which
means more than half of the encounter events between
the coumarin and Br~ do not result in the fluorescence
quenching. In other words, the encounter distance, R,
is shortened effectively to yR for inefficient quenchers

such as Br—.
It has become clear that the efficiency of the colli-

sional deactivation depends on the strength of the
quenching ability of each quencher, which is repre-
sented by the value “y”. For an efficient quencher like
I-, the efficiency of the quenching reaction is unity, and
the magnitude of k4 can be interpreted as the frequency
of the collisional encounter between A* and Q. In the
case of y=l1, the temperature behavior of kq coincides
with that of the diffusion-controlled rate constant, &
(=4nN’RD); the temperature dependence of k; is due to
that of the diffusion coefficient, D. When a relatively
narrow region of temperature is considered, D is
approximately written as:1®

D = D'exp(— E4/RT), (13)

where Ej is the activation energy of diffusion and D’ is
the value at T=%. Therefore, the obtained value of Eq is
equivalent to the activation energy of diffusion.

If y happens to be less than unity, asin the case of Br—,
the expression for kq becomes more complicated; in
particular, the magnitudes of k2 and ks, which may
depend on the temperature, become significant. Never-
theless, if the dependence of y on the temperature is
roughly represented by an activation energy, E,, i.e.,
yxexp(E,/RT), the discussion proceeds parallel to that
for the case of p=1. The activation energy of kq for Br~is
smaller than that for I~ by 4.6—5.7 k] mol~!, as may be
seen in Table 3. Considering kq<yD, the activation
energy of kq for Br- may be said to correspond with
Eq—E,. If such an idea of “efficiency” isalso applicable
to the radius of the sphere of action, and if r is replaced
by yr, then the value of V for Br~ becomes smaller by an
order of magnitude than that for I~ due to the factor of
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y3. This prediction agrees well with the experimental
results shown in Table 3.

Relation between the Rate Constant and the Viscosity.
As has been mentioned previously, k1<D, and, as a
first approximation, D is obtained by the Stokes-
Einstein relation, D=kT/6nRn, where 7 is the viscos-
ity of water; the plot of kq vs. T/n should be linear if
y=l1. Fig. 7 shows such plots for Br—and1~. In reality,
kq for I~ is linearly dependent on T/7, as is to be
expected from a diffusion-controlled reaction; in addi-
tion, the plot for Br~ is also linear, but the slope is
more gentle than that for I-. Although linear depen-
dence is obtained for both cases, a curious point
remains that kq at a low T/% does not go exactly to
zero, which contradicts the simple Stokes-Einstein
relation. The deviation from this relationship is due
to the inapplicability of the Stokes coefficients of
viscous friction, which are introduced by the assump-
tion that the solute molecules are moving in a solvent
continuum. Taking proper account of the relative
size of the solute and solvent molecules, the expression
for the diffusion coefficient sufficient to describe
experiments is given by:®

T T
D=A4— + byp*—, 14
n Ty (1%

where 4, b and x are constants and the rate constant of
diffusional quenching is written as:

ky = yk, = y-4nN’RD
T T
=Ay— + byp*—. 15
7 2/ ” (15)

By using the activation energy of the quenching effi-
ciency and of the fluidity, y and n can be described by:
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Fig. 7. Dependence of the rate constants for the col-

lisional quenching upon 7/7. I~ as a quencher: O,
1; @, 2. Br~ as a quencher: A, 1; A, 2. The dashed
curve indicates the variation of k, according to Eq.
17 without any approximation.
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TABLE 4. PARAMETERS OBTAINED FOR THE MODIFIED STOKES-EINSTEIN RELATION
AND FOR THE QUENCHING EFFICIENCY
A x 107 B x 10~ E

Subst L ‘ 2
ubstance Quencher mol-'dm3s~1cPK-1 mol-'dm?s-!cP K-! kJ mol-! 7'x10

Br- 4.6 6.6

1 I- 2.6, 8.5, 0 0 1 8

Br- 5.7 3.8

2 - 2.3 8.4, 0 3 1 4

y = y'exp(E,/RT) and 5 = y’exp(E,/RT), (16) 1

in the temperature range of 10—50 °C used; in the case
of water, n’=1.2X1073 cP and E,~16.4 k] mol~! in the
neighborhood of 30 °C, the mean temperature of the
measured region; the values of E, are already known as
E,~0 (y’=1) in the case of I~ and 4.60 and 5.73 k] mol-!
for 1 and 2 respectively in the case of Br—. The value of x
was presumed to be 0.7 by plotting kqn/Tvus. n* in the
case of I~ for various values of x and by searching for
a linear dependency. Then, Eq. 15 is rewritten as:

T
ke = A’y’exp(E,/RT)—”- + B'y’exp{(E, -I—xE,,)/RT}%,

(17)
where A4’, B’ and p’ are constants. Regarding
exp(Ey/RT) and exp{(E,+xE.)/RT} as functions of
n/T, and by expanding them around (n/T)s0, the value
of n/T at 30 °C, we obtain approximately this relation:
E, +RT0—Er_

E,+RT,

E,+RT,— (E, +xE,) } T

E,+RT, )

ky = y'exp(E, |RT,) {A’

+ B'exp(xE,/RT,)

T E
+ y'exp(E, |RT, —) a2
Fesp (B, RTY () 45 e

E, +xE,
E,+RT, } ’
where T90=303.15K. Eq. 18 is valid in the neighbor-
hood of 30 °C; this explains very well the experimental
relationship of kq=a(T/n)+b. By substituting all
known parameters and by using the data in Fig. 7, the
unknown constants, A’, B/, and y’, can be obtained as
listed in Table 4. It can be recognized from Fig. 7 that
the kq values for both Br~ and I~ have a linear depend-
ence on T/7 in the measured region, as is to be expected
from Eq. 18. The difference in the slopes for Br—and I~
is due to the lower quenching efficiency of Br—; it is
interesting that the intercepts at T/n=0 are unexpect-
edly nearly equal in all cases.

In conclusion, the quenching-rate constant of the
coumarin derivatives by halide ions is reasonably well
described by means of the diffusion-controlled mecha-
nism of the quenching reaction. I~ has been shown to
be an “efficient” quencher; Br~ is rather an “ineffi-
cient” quencher; CI- is a very weak quencher and has
no effect on the fluorescence under the conditions
examined. Such an order of quenching ability is paral-
lel with the order of the ionization energies of halide
anions.’® Therefore, the initiation of the quenching
process is perhaps related with the electron transfer
from the ion to the fluorescent molecule in the excited

+ B'exp(«E,|RT,) (18)

‘A**X-

3A# X"

Energy

3ax)* hva| |hve

Y(A™X)

A e X~

Raa

Fig. 8. Schematic potential energy curves of the col-
liding species and presumable pathways for the fluo-
rescence quenching. R,_qo is the distance between
the fluorescent molecule and the halide anion. !A*
and 3A* are the singlet and triplet state of the excited
molecule, and A~ is the anion radical generated by
the electron transfer from the halide anion, X-.
The upward and downward arrows describe the radia-
tive transition, and the downward wavy arrows repre-
sent the radiationless transition caused by the collisional
reaction.

state.’® Fig. 8 shows a schematic drawing of the energy
levels of the interacting species; it takes account of all
the results discussed so far. At an infinite distance, the
energy differences between the singlet ground and
excited states of 7-ethoxycoumarins are 338—
343 k] mol~1, and the ionization energies of Cl-, Br-,
and I~ in an aqueous solution are 678, 623, and
544 k] mol~1.1® If the crossing of the energy curves of
1A*+X~and A™+X' resides near the encounter distance,
the electron transfer from a halide anion to an excited
molecule will easily occur, which results in an efficient
conversion of the singlet state of the encounter com-
plex, {(AX™)*, to its triplet state or, alternatively, to the
charge-transferred singlet state, }(A“X"). Because the
stability of the charge-transferred complex, (A~X"), is
altered by the magnitude of the ionization energy of
halide anions, and because its energy position goes
lower as the ionization energy decreases, the above-
mentioned conversion induced by the electron-transfer
process may become a main quenching pathway for I-
and Br—, but not for Cl-. However, from a considera-
tion of only the information obtained here, the so-
called heavy-atom effect of halide anions, which
directly converts the singlet state of the encounter
complex to its triplet state, z.e., (AX™)*—3(AX™)*,
cannot be excluded completely. This point is dis-
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cussed fully in Refs. 17 and 18, where it is concluded
that the main pathway for the fluorescence quenching
by diamagnetic inorganic anions is strongly related
to the electron-transfer process. It is also revealed that
the Stokes-Einstein relation must be somewhat modi-
fied in order to explain the dependence of the quench-
ing-rate constants on the viscosity and temperature
of the solution.

The author wish to thank Dr. Hiroyuki Anzai of this
laboratory for his helpful advice and stimulating dis-
cussions during the course of this work.
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