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Excited-State Reactions of Coumarins in Aqueous Solutions. III.
The Fluorescence Quenching of 7-Ethoxycoumarins by
the Chloride Ion in Acidic Solutions

Tetsuo MoRiYA

Electrotechnical Laboratory, 1-1-4 Umezono, Sakura-mura, Niihari-gun, Ibaraki 305
(Received July 31, 1985)

The fluorescence yield of 7-ethoxycoumarins in acidic aqueous solutions becomes reduced with an increase
in the chloride-ion concentration. In acidic solutions, two types of excited molecules, a neutral molecule and a
protonated molecule with a positive charge, are generated by a UV light illumination. Only the excited state of a
protonated molecule is quenched by a chloride ion; the quenching reaction proceeds via both a diffusional and a
static process. The rate constant for the diffusional process is (3.7—>5.8)X10° mol~! dm? s~1. The static quench-
ing component can be approximately described by the ¥[Q] expression and the static quenching constant, V, is
1.2—1.7 mol~' dm3. One possible physical interpretation of the quenching mechanism is discussed in relation to
the charge of colliding species and the electron transfers between them.

In a previous paper? interactions between 7-
ethoxycoumarins and halide ions in a neutral aque-
ous solution were discussed. It has been revealed that
bromide and iodide ions cause a very pronounced
quenching effect on the fluorescence of 7-ethoxy-
coumarins. On the other hand, chloride ions show
no indication of quenching, even at considerably
high quencher concentrations. This has been explain-
ed in terms of the oder of the quenching ability of
the halide ions, i.e., I=>Br—->Cl-.

When a solution is changed from neutral to
acidic, 7-ethoxycoumarins can take two forms of the
photo-excited state, neutral and protonated. It was
recently found that in an acidic solution, even chlo-
ride ions have a remarkable quenching effect on the
fluorescence of the two molecular species.

To quantitatively analyze this phenomena, chlo-
ride ions were chosen as the quencher. Then, the
fluorescence intensities of 7-ethoxycoumarin (1) and
7-ethoxy-4-methylcoumarin (2) in acidic aqueous
solutions were measured in detail as a function of the
quencher concentration. In this paper a reasonable
scheme for the reaction kinetics is proposed and sev-
eral reaction-rate constants are derived by means of the
obtained data. The quenching mechanism is dis-
cussed while taking account of the ionic nature of the
interacting species.

Experimental

Material. High-purity grade reagents of 7-ethoxycou-
marin (1) and 7-ethoxy-4-methylcoumarin (2) were obtain-
ed from Molecular Probes Inc. and used as purchased.
Their melting points were determined by means of DTA:?
1, mp 84.8°; 2, mp 115.5°. Sodium chloride, hydrochloric
acid, and perchloric acid were of pure-quality from Wako
Pure Chemical Ind. Water was permeated and distilled.

Methods. The UV absorption spectra were obtained on a
Hitachi 323 spectrophotometer and fluorescence inten-
sity measurements were made on a Hitachi MPF 4
spectrofluorometer with an S-5 type photomultiplier tube.
Spectral measurements were performed at 20°C unless
otherwise mentioned. For fluorescence measurements, the

wavelengths of the excitation light were chosen to be 324 nm
for 1 and 321 nm for 2, corresponding to the absorption
maximum of the respective compounds. The concentrations
of the fluorescent molecules in a solution were =5X10-5
mol dm™ for 1 and =4X10-5 mol dm~3 for 2. These provided

. for the most reliable recordings of the fluorescence inten-

sity using the spectrofluorometer.? The pH or Hp value? of
the solution was controlled with HC1O4 and HCL. In the
quenching experiment, the fluorescence of a series of samples
containing a constantamount of a fluorescent compound and
a graduated amount of quencher was measured. Fluorescence
lifetime measurements were performed by means of a time-
correlated single-photon-counting fluorometer, similar to
the one described in Ref. 5. When the lifetime was close to the
decay time of repetitive short-pulsed light at 337 nm from an
air-flash lamp, the deconvolution procedure was performed
assuming the exponential decay of the fluorescence intensity.
The resulting accuracy was within 0.05 ns.

Results and Discussion

pH Dependence of Absorption and Fluorescence
Spectra. In the electronically ground state of 7-
ethoxycoumarins, only one molecular species was
spectroscopically detectable in an aqueous solution
of neutral and acidic regions (pH 7 to Ho —3) where
fluorescence-quenching measurements have been car,
ried out. In the excited state, a neutral molecule, N
and a protonated molecule, G+ appear.? Theintercon-
version of these species can be described by the
reaction:

) &
CoHs-0 0,0 CoHs-O o OH
L HY =
Y Y
R R

1:R=H, 2:R=CH,

Figure 1 shows the UV absorption spectrum and the
visible fluorescence spectra of 7-ethoxycoumarin (1).
The absorption maxima of 1 and 2 in the neutral
solution were 324 and 321 nm respectively. These ab-
sorption spectra did not vary over the wide pH range
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Fig. 1. Absorption and fluorescence spectra of 7-

ethoxycoumarin (1) in aqueous solutions. N indi-
cates the absorption spectrum of the neutral mole-

cule. N and C¥ are the fluorescence spectra from
the excited state of the neutral and the protonated
molecules respectively; the typical fluorescence
spectra for the neutral solution and for the solution
with 0.5 and 6 mol dm~3 HClO4 added are shown.

of interest (Ho>—3). The new absorption band of a
protonated molecule barely appeared in a solution
of concentrated sulfric acid (Ho<—6) at longer wave-
lengths. Such absorption bands have been observed
by others for similar coumarin derivatives;18:19 the
peaks are at 362 and 353 nm for 1 and 2, respectively.
In contrast, the fluorescence spectra began to change
in shape and wavelength position for moderately
acidic solutions. The fluorescence peak at 390 nm
of Compound 1 in a neutral solution shifted to at
last 423 nm at Ho=—3; in the case of Compound 2,
these peaks were at 382 and 412 nm, respectively. The
fluorescence peaks of these compounds at shorter
wavelengths correspond to a neutral molecule in an
excited state. The peaks at longer wavelengths
correspond to a protonated molecule in an excited
state.®

In moderately acidic solutions, these two types of
fluorescence bands overlapped each other; therefore,
it is necessary to separate the spectral bands in order
to obtain a quantitative value for the relative fluores-
cence intensities of the two molecular species. For
this procedure, it is very convenient to plot the emis-
sion intensity of the fluorescence spectrum with a
logarithmic scale (Fig. 1). This is done because the
contribution from each molecular species is readily
recognized by adding the respective spectral bands and
reconstructing the data in the graph at a given pH.

Fluorescence Quenching by Halide Ions. The
fluorescence quenching by halide ions in a neutral
aqueous solution was fully investigated in a previous
paper and the quenching process was clarified.” From
the experimentally obtained results, it has been
concluded that chloride ions have no effect on the
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fluorescence intensity of a neutral molecule. Figure 2
shows plots of Io/I vs. [Cl~], where Ip and I are the
fluorescence intensities in the absence and in the
presence of chloride ions. At pH=7, a neutral molecule
is the only species both in ground and excited states
and Cl- has no effect on the fluorescence intensity
for [C17]<0.5 moldm™3.

Fluorescence Quenching by Chloride Ions in a
Strongly Acidc Solution. When 6 mol dm~3 of HCIO4
was added beforehand to the solution (Ho=-—2.84),
protonated molecules became the unique species in
the excited state and fluorescence was considerably
quenched by the Cl~ (contained as a controlled amount
of NaCl up to 0.25 mol dm™3). In Fig. 2 data are shown
for an aqueous solution with 6 mol dm—3 HCIO4 added;
it can be seen from the figure that Io/I depends linearly
on [Cl~]. In such case, the Stern-Volmer relationship
derived under steady state conditions is apllicable:?

L1+ K0Q) (1)

K is the collisional quenching constant and [Q] is
the quencher concentration. The data in Fig. 2 show
the linear dependence of Io/I on the concentration
of chloride ions; the quenching constant, K., of a
protonated molecule (due to Cl~) is estimated to be 6.80
mol~!dm? for 1 and 4.2]1 mol—! dm3 for 2. Using the rate
constant, kq, and the lifetime of the excited state of a
protonated molecule, 7/, the quenching constant is
given by Kw=kqt". The kq values were estimated to
be 1.39X10? mol-'dm3s~! for 1 and 8.77X108 mol~!
dm3s-! for 2, respectively, with the lifetimes shown
in Table 2. The occurrence of this quenching effect
is attributable to an increase in the interaction be-
tween positively charged molecules and negatively
charged chloride ions through an attractive electro-
static force in comparison with the interaction be-
tween a neutral molecule and an ion.

Fluorescence Quenching by Chloride Ions in a
Moderately Acidic Solution. When the same quench-
ing experiment was performed in a moderately acidic
solution, the dependence of Iy/I (for neutral and
protonated molecules) on the Cl- concentration did not
obey the usual Stern-Volmer relationship, as can be
clearly seen in Fig. 2 (a plot of Io/I vs. [Cl~]). The curve
for the fluorescence of the neutral molecule curved
downward away from a linear dependence; the curve
for the protonated molecule curved upward. Since
the sum of the concentrations of HCl1O4 and HCI
was made to be constant at 0.5 moldm™3, the ionic
concentration,® I, and the acidity strength,® Ho,
did not change for various concentrations of [Cl7]
(I'=1 moldm=2 and H¢=0.20). I'=3]ciz, where ¢; and
z are the molar concentration and the valence of
the ions in a solution. Thus, the unexpected behav-
ior (mentioned above) cannot be related to a change
in these values.
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Fig. 2. Dependence of Io/I on the concentration of the chloride
ion in the neutral (A), the moderately acidic (O; @), and the
strongly acidic (OJ) solutions. (a), 7-ethoxycoumarin (1); (b), 7-

ethoxy-4-methylcoumarin (2).

In order to analyze such phenomena from a general
point of view, the following scheme for the chemical
reaction and the fluorescence-quenching process is
given:

(2)

N+H+_ﬂ.\

n/\n

N + hvg

N

Ct+hy, C*
* H ks
Wil + Q= (CQ* — C'+Q, (4
2

1-w:8*+Q — C*+ Q. 5)

Here, N and C* represent neut*ral and protonated
molecules, respectively. Nand C* are their excited
states and Q and hv represent the quencher and the
light quantum. (CG*Q)* is the excited state of the en-
counter complex between C* and the quencher. Gabs
is the generation rate of N; the k’s and n’s are the
reaction-rate constants and the transition proba-
bilities, respectively. Equation 3 describes an excited-
state reaction of neutral molecules with protons which
generates a protonated molecule. n; and n{ are the
radiative-transition probabilities that cause the fluo-
rescence; nz and nj are the nonradiative-transition
probabilities toward the electronic ground state. Equa-
tion 4 shows that the fraction, W, of G+ obeys a
collisional quenching process in which the encounter
complex, (C*Q)*, decays nonradiatively to C* and Q
with a rate of k§; Equation 5 shows that a fraction,
1-W, of é+ obeys the instantaneous deactivation
process discussed in Ref. 1.

It is an essential idea for the explanation of
experimental data that only a certain fraction,
W, of the excited states is actually quenched by the
collisional mechanism. The remaining fraction, 1—W,
is deactivated almost instantaneously after being
formed since a quencher is accidentally positioned
in the proximity of the molecule at the time of
light-absorption and interacts very strongly with the
molecule. Generally, this additional factor, W (a func-
tion of the quencher concentration, [Q]), can be
approximated by exp(—¥V[Q]), where V is the static
quenching constant. If the model of Frank and
Vavilov? is adopted for the instantaneous or “static”
quenching process, an instantaneous quenching
results when a quencher happens to reside within a
“sphere of action” having a volume of V/N’, where
N’ is the Avogadro’s number per millimole.1®

Since illuminating light is absorbed solely by neu-
tral molecules under experimental conditions and
the fraction, 1—W, of the protonated molecule in the
excited state is immediately quenched, the effective
generation rate of neutral molecules in the excited
state, G (Q), is as a first approximation:

5(0) = G (1 - kHY)
C(Q) = G (1-W(@))G HEL_
_ G Mt W(Q)RH]
= o A ©
where
WQ) = exp (-VIQDand WO =1 ()

The rate equations for each molecular species, there-
fore, become:

d[N]

d — (et + B LHYDIND + (Y],

(8)
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*
d[; = BIHIN] = (14 5+ BLQT+ k) [C¥]
+ &[(C*Q)¥), ®)

d[(C;-;tQ)*] = kl[Q.Ié*] — B+ k&)[(C"’Q)*]. (l 0)

If the steady-state condition is satisfied, we may obtain
the densities of the excited molecules by letting the
left;hand sjde of Eqs. 8—10 be zero. Then, the densities
of N and C* are:

14-k,7[Q]

L4+kor’+ k7' [Q] (1)

(N1 =Gr/(1+ kelHY)),

(6= (G st/

1+4£,7[Q]

( + 14 ko' + kgt [Q] k’T[H+]) ’ (12)

where
1
= and v/ = — (13)
ny+ny ny+ny
Byo= k= Bk (14)
4 R+ ks

7 and 7/ correspond to the lifetimes of neutral and
protonated molecules. kq and <y are the apparent rate
constant for the collisional quenching process and the
efficiency of the quenching reaction, respectively. The
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. . . * * .
total fluorescence intensities from N and C+are defined
by:

(15)

Since the value of G at [Q]=0 is Guss, the fluorescence
. .. * * R

intensities at [Q]=0 for Nand C*, i.e., Iy and I, are
written as:

* *
I¥ = n[N]and I° = nj[C*].

kye[H*
= G,bsnlz'/(l+ l'il:kzr,]>and (16)
c . ,k,t[H“) ( k,r[H*)
IS —<G,bsnlr —JH_ ho / 1+—Jl+ he) (17)

Then, the relative fluorescence intensities, in com-
parison with the intensity at [Q]=0, of each excited
molecule are given by:

5—1’;:{(”%’”*‘”)/

kyof[HH\] _ 14+ke[H*]
(1+ l+k2r’) } W@k 1Y

I§ I 14kt +k,7[Q]

TSI ke (19)
From Egs. 18 and 19, it is easily shown that Ig/IN—>1
and I$/I°>1if[Q]—0, and I§/I°> I} /IN>1 for [Q]>0.
These results can reasonably explain, in principle,
the dependence of Io/I on the concentration of the
quencher. The experimental data in Fig. 2 show that
IS/1C is always larger than /v

Tabel 1. Typical Values of Iy/IN Shown in Fig. 2

(€]

Substance
0 0.05 moldm™3 0.1 moldm™—3 0.125 moldm™3
1 1 1.193 1.347 1.42;
2 1 1.17¢ 1.323 1.39,
(a) (b)
3+ /,/ 3+ 7
L ./o N ./o
S S
ze ‘ zo d
< 7 < e
< /'/. 2 <
N N /
Lo 1 Lo 4
HK W
0 L 1 1 1 1 0 1 1 1 1 1
0 01 02 03 04 05 0 01 02 03 04 05

{C171 / mol dm-3

[C1"1/ mol dm-3

Fig. 3. Plots of (I¢/1% /(I /1Y) vs. [CI7]. (a), 1; (b), 2.
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Table 2. Lifetimes of the Two Molecular Species, T and 7/, and
Values of kqt’/(1+ket’) and kit[H*)/(1+kot’)

Substance /ns® //ns® kqt’/(1+k2t’)/mol—1 dm3 kat[H*]/ (1 kot )?
1 2.00 4.9, 4.00 0.17¢
2 2.25 4.8 3.9 0.26,

a) The lifetime was measured at a suitably chosen pH value where only one molecular species was

detectable. b) The value at [H*]=0.5 moldm™3.

Table 3. Rate Constants Obtained for the Excited-State Reactions and for the Collisional
Quenching Process, Collisonal Quenching Constants, Static Quenching Constants,
and Radii of the Sphere of Action in the Aqueous Solution with
[H*]=0.5 moldm=2 and I'=1 moldm~3

k1X109 ko X102 kqaX10—° Ksy |4 r
Substance
mol~1dm3s™? s1 mol~ldm3s! mol~!dm3 mol~!dm?3 A
1 1.25 1.24 5.80 28.4 1.2 7.7
2 1.04 0.72, 3.65 17.5 1.7 8.8

Reaction-Rate Constants for the Quenching Process.
To quantitatively analyze the quenching process in
an acidic solution, we can derive from Eq. 19:

C
s Ay m»
This relationship predicts the linear dependence of
IS/1%/(I8/1%) on the concentration of the quencher;
its slope gives the value of kqt’/(1+ket’). The ex-
perimental data of IS /1% /(I8 /1Y) vs. [C17] are plotted
in Fig. 3. The dependence is a linear function of [Cl~]
and the values of kqt’/(1+k27’) are 4.00 mol~1dm3 for
1 and 3.92 mol-1dm? for 2, respectively.

It is helpful, at this stage, to define the fluorescence
intensity of excited molecules at both [Q]=0 and
kit[H+] <1 by Iy. From Eq. 16 we obtain IN= G,
and

ﬁ._ kyr[H*]
I _l+_—_—_l+k2t’° (21)

The values of I§)/I5 and, of course, kit[H*]/(1+kat’)
are obtainable from the fluorescence data of a neu-
tral solution and an acidic solution with [H+]=0.5
moldm=3. The resulting values of k17[H*}/(1+ka1’) at
[H*]=0.5 moldm™2 are 0.176 for 1 and 0.261 for 2,
respectively. Since the original form of W(Q) as an
exponential function of [Q] is not tractable for an
analytical calculation, the same approximation as was
adopted in the former work? may be used again for a
relatively low quencher concentration:

w(Q)~1-VQl (22)

Here, V is the static quenching constant. Itis noted that
this approximation has meaning only for 1'1Q]<0.15
when estimating the unknown parameter. Thus, the
numerical values of Iy /I™ for the low concentration
region of [Cl~] are cited in Table 1.

By using Tables 1 and 2 as well as the approxima-
tion given by Eq. 22, values of kq7'(=K«) and V' can be
obtained from a best-fit analysis of the data points and
the theoretical prediction. Then, Ky, V, ki, k2, and kq
are given as cited in Table 3. Incidentally, the radius of
the sphere-of-action for the quenching process, r, is
estimated and cited in the same table, with the relation,
V/N'=4m13/3, where N’ is Avogadro’s number per
millimole. Qualitatively speaking, itis shown with the
theoretical prediction that both 1},‘/ Nand 1{,’/ I®increase
monotonically with an increase in the quencher
concentration. The increase in I N/IN saturates at the
higher concentration range and the value of I/IN
reaches asymptotically to (1+ket)(1+kit[H*])2/(1+ket’
+k1t[H*]). The increase in I5/I€ becomes linear with
a slope of (1+ki17[H*])2kqt’/(1+ket’+kit[H*]) in the
higher concentration range. In general, ISI /1N and IoC /1°
change in a complicated manner; thus, an analytical
treatment has been possible only in the low concen-
tration range where Eq. 22 is valid.

Equilibrium Constants in the Excited State. Since
we know the values of k; and ks, the reaction kinetics
of Eq. 3 can be dealt with quantitatively. If equilib-
rium is reached in the excited state, analogous to
the case in the ground state, the equilibrium constant
for the con]ugate acid of the neutral molecule C
is described by Kc+=dnan+/dcr.  an and dc+ are the
activities of the neutral and protonated molecules in
excited states, and an+ is the activity of a hydrogen
ion. By usin the dlfmmon of the ac1d1ty function,¥
Ho——log(au+fu/fc+) where fN and fc+ are the activity
coefficients of Nand C+, and by assuming the rela-
tion, kx[N][H+] kz[C"'] the following relation is
obtainable for the pK value:

ks 4 H, (23)

* *
PK¢+ = — log Ko+ = — log E[HT

With the aid of Eq. 23, the plfc*« values were deter-
mined to be —0.10 for 1 and 0.06 for 2, respectively.
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Table 4. Comparison between the Collisional Quenching-Rate Constants and the
Static Quenching Constants under Various Conditions

) N kgX10-2 v
Substance Quencher-Species Condition
mol~-1dm3s—1 mol-1dm3
I-N Neutral 10. 1.6
1 Br—N Neutral 4.30 0.0
c--G+ HCIO4+HCl, 0.5M® 5.80 1.2
c--¢+ HCIO,, 6M 1.3 0
1--1<‘1* Neutral 9.65 1.8
2 Br—N Neutral 376 0.04
01——€+ HCIOs+HCI, 0.5M 3.65 1.7
cl--C+ HCIO4, 6M 0.877 0

a) Il M=1 moldm™3.

This shows that the forward and backward reactions
described by Eq. 3 become competitive when the
acidity function of a solution is in the proximity
of zero.

Efficiency of the Collisional Quenching Process
and Static Quenching Constant. The rate constant
for the generation of the encounter complex, (C+Q)¥*,
in Eq. 4 can be roughly estimated by the relation,
ki=4aN’RD. Here, R is the encounter distance
between the reactants and D is the sum of the
individual diffusion coefficients of the reactants.!1-12
If the values of R and D are reasonably assigned as
74 and 1.5X10-% cm2s~! (based on molecular and ionic
volumes and the Stokes-Einstein relation?), the diffu-
sion-limited value of the quenching-rate constant, k{,
is estimated to be about 8X10° mol—! dm3s~1. The apparent
rate constants for the collisional quenching, kq, under
various conditions are given in Table 4, together with
the static quenching constants, V. kq and k{ are related
by Eq. 14 and different by a factor, v, representing the
efficiency of the cgllisional quenching process.

Since kq with N quenched by iodide ions are com-
parable or slightly greater than 8X10? mol-'dm?3s1,
the efficiency of collisional quenching is supposed to
be nearly unity, as has been concluded in previous
work.)  Such an effective collisional quenching
has been attriputed to a charge-transfer interac-
tion between N and I~ since the lower ionization
energy of I= (compared to other halide ions) increases
the probability of a transfer of an electron from I-
to N.13,10 However, the external heavy-atom effect
through a spin*-orbit coupling in the encounter com-
plex between Nand I~ might also play a role in the
collisional quenching process.!®  From the static
quenching constant, V, for an interaction between N
and I, the radius of the sphere-of-action was calculated
to be 8—9A. This is slightly larger than the value (6—
7A) estimated as the sum of the radii of the coumarin
and an iodide ion. Excited molecules generated very
near to or in contact with iodide ions are subjected to an
instantaneous deactivation toward the ground state due
to the very strong interaction among the reactants.

When Br~ is used as a quencher, the efficiency of the

collisional quenching process in a neutral solution
becomes lower and, consequently, kq decreases. This
phenomenon is attributable to an increased ioniza-
tion energy of Br~, compared with I=. This leads to
a decrease in the strength of the charge-transfer
interaction. Of course, a decrease in the heavy-atom
effect of bromide ions might explain a part of this
phenomenon. In parallel with this tendency, the static
quenching constant, ¥ in Table 4, decreases drastical-
ly and the encounter distance, R, for the collisional
process is effectively shortened to yR. Thus, the radius
of the sphere-of-action, being a measure of the
interaction strength, is also considered to be shortened
by the same order of magnitude as represented by the
small value of V. Incidentally, Cl- has no effect on
fluorescence quenching for an excited neutral
molecule, I:I, over the examined range of the quencher
concentration.

In addition to the above-mentioned usual type of
f*luorescence quenching, we have recently found that
C+* 1s also quenched, even by the chloride ions in a
moderately acidic solution, where [H*]=0.5 moldm~™3,
while Ndoes not suffer quenching to any extent; kq
becomes 3.7—5.8X10° mol-!dm3s~1, comparable in
magnitude to the value for Br~ in a neutral solution.
Since the heavy-atom effect of chloride ions is
negligibly small compared to that from iodide and
bromide ions, ahe occurrence of such intermediate
quenching of C* by CI- (examined here) can be
attributed to the existence of an attractive coulomb
interaction between the reactants. Since N does not
have any charge on it, the interaction between Nand
halide ions will be a contact interaction (a hard-cclre
type interaction) in nature. Interactions between C*
and Cl-, on the other hand, are based on a long-
ranged coulomb force, as long as the ionic concen-
tration is low. However, the high concentration of
dissolved ions tends to screen the interaction force.
This attractive coulomb interaction will increase
the probability of an electron being transferred from
Cl~ to C* in the encounter complex, and, consequent-
ly, deactivating the complex to C* and Cl~ (Eq. 4).
kq is less than 8X10? mol-1dm3s~!. One reason for
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this may be that the efficiency of the collisional-
quenching process becomes less than unity; then,
every encounter event with Cl~ does not lead to a
nonradiative decay of the excited protonated molecule.
The other one is that k{ may be affected by the ionic
concentration, I', the effect of which would not be
negligible under the experimental conditions. It is
well known that the rate constant of a chemical reac-
tion between particles with opposite charges becomes
smaller if the ionic concentration of the solution
would increase.!® It has been very difficult to decide
from only the data obtained here which factor for
the collisional quenching process is essential to
cause a smaller kq value compared with the diffu-
sion-limited value.

The static quenchmg constants, V (Table 4), for
the quenching of c+ by CI~ in a moderately acidic
solution is close to that for the quenching of be
I~ in a neutral solution. The accuracy of V is not
as high as that of kq because of the approximation
used here. However, it is sufficient for a qualitative
discussion of the static quenching process. The esti-
mated radius of the sphere-of-action for static quench-
ing by Cl- is 8—9A. This is, again, slightly larger
than 6—7A that was estimated as the sum of the
radii of the coumarin and a chloride ion. It may be
considered strange that the mteractlon between N and
Br- and the interaction between G+ and Cl- have
similar kq values but very different V values. The
interaction between C+ and Cl- originates from an
attractive coulomb force and extends rather widely
over the solvent media; that between Nand Br-is a
contact interaction. This situation determines the
great difference in V for the two cases.

Moreover, solvation effects and ion-pair genera-
tion!” are considered to be important in a static-
quenching event. The drastic decrease in ¥ from I~
to Br~ (mentioned above) might be partly due to the
strength of solvation ordering: I"<Br—<Cl-. The
solvation by water molecules will intervenes with the
contact interaction and the static quenching of Br~
decreases in consequence. This point could not be
checked for Cl- since it shows no sign of a quenching
effect in a neutral solution. Ion-pair generation is
expected in the case of an interaction between C+and
Cl- if the both ionic species reside accidentally very near
each other at the time the excited state of the protonated
molecule is generated. There are, in general, two
types of ion-pairs: the solvent-separated ion-pair and
the contact-type ion-pair. The former is so loosely
coupled that the electronic character of the species is
almost the same as that of free ions. Considering the
unchanged shape of the fluorescence spectrum of C+
for a high concentration of Cl- and the estimated
sphere-of-action value, a solvent-separated ion-pair
may be formed. This leads to the occurrence of an
effective static quenching. In conclusion, static
quenching may be effectively initiated in an atmos-
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phere where reactants are caged by surrounding
solvated water molecules. Ion-pair formation will
strongly increase the probability of a deactivation of
excited molecules.

Effect of the Ionic Concentration on the Rate
Constant. When the ionic concentration, I, is 1
mol dm=3, the Debye’s screening length® is 4.3A. This
is comparable to the mean radius of a molecule. The
coulomb force between G+ and CI-, being extended
over the molecular dimension, is effective for static
quenching. In the case of a solution with 6 moldm™3
HCI1O4 added, the I' is almost determined by the
amount of HCIO4 and I'=12 moldm3. In this case,
Debye’s screening length becomes 1.2A and the elec-
trostatic attraction is strongly screened by the ionic
atomosphere. Thus, the interaction is limited to a
region near the surface of the ionic species and the static
quenching constant, V, becomes effectively zero, being
inferred by the fact that the usual Stern-Volmer relation
is apllicable to a plot of Io/I vs. [Cl7].

As can_ be seen from Table 4, kq for an interaction
between C+ and Cl-ina solution of [H*]=0.5 moldm™3
is about four times larger than for a solution with an
added 6 moldm=3 HCIO4. As mentioned earlier, the
reaction rate between particles with opposite charges
becomes smaller if the ionic concentration is in-
creased. Because of the very high value of the ionic
concentration, the Debye-Hiickel theory does not hold
in its fundamental form, while the tendency of the
change in the rate constant in ionic solutions is
qualitatively correct from the point of view of a more
c}etailed analysis.’® The genching effect of I- and Br—for
C+ in a solution containing 6 moldm=3 HCIO4 was very
large and the fluorescence was almost completely
quenched in spite of the high ionic concentration. A
quantitative experiment could not be performed in
these cases.

The author wishes to thank Dr. Hiroyuki Anzai of
this laboratory for his helpful advice and stimulating
discussions during the course of this work.
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