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ABSTRACT: The effect of ionic activity on the quenching of the quinine dication fluorescence
by chloride and bromide ions is examined in solutions of sufficiently low ionic strength to
enable ionic activities to be taken into account by means of the Debye-Hiickel equation. An
equation for the dependence of the Stern-Volmer constant on the ionic strength is derived in
a novel way and an iterative, linear least-squares computer program is described from which
the optimized values of the ionic size parameter for chloride (a- = 4.56 * 0.07 A) and bromide
(a5~ = 4.98 * 0.23 A) quenching were obtained. The ratio of these parameters (dg,-/de- =
1.09 = 0.07) is found to be similar to the ratio of the ionic radii of the two species, rg,/ro- =
1.08. The experimental results suggest that the quenching of quinine fluorescence by bromide
ions is about 28% faster than that observed for chloride ions. The results are consistent with
the notion that the quenching process is a dynamic one involving the formation of an activated
complex whose rate of deactivation is dependent on the ionic strength of the medium. © 2000
John Wiley & Sons, Inc. Int ] Chem Kinet 32: 473-477, 2000

INTRODUCTION of a recent study [16] show that the Stern-Volmer con-
stant for the quenching of quinine fluorescence by hal-
The chemical and photophysical behaviors of the qui- ide ions is markedly affected by the ionic strength of
nine dication have lead to its use in studies of fluores- the solution. The observed decrease in the quenching
cence [1,2] and, in particular, as a quantum yield stan- rate constant with increasing ionic strength is believed
dard [3]. However, the use of quinine as a life-time to arise from the influence of the ionic strength on the
standard is only appropriate under conditions where diffusion-controlled rate constant for the bimolecular
its complex decay kinetics [4,5] can be approximated quenching process [16]. This can be explained by there
as a single exponential process [6]. Quinine has also being either a decrease in the intrinsic rate constant for
been studied in numerous fluorescence quenching ex-the reaction due to the “kinetic salt” effect [16], or a
periments, particularly ones involving halide ions [6— decrease in the effective encounter distance due to
15]. In early work, the quenching of the quinine flu- screening of the charges on the reactants [17].
orescence by halide ions was attributed to the forma-  This article examines the effects of ionic activity
tion of a nonfluorescent complex between the two spe- on the quenching of the quinine dication fluorescence
cies [9—-11]. by both chloride and bromide ions with a view toward
The results of an early study [12] as well as those establishing whether the influence of the ionic activi-
ties on the transition state alone is adequate to describe
Correspondence (e, W. Bigger (stephen.bigger@vu.edu.au) the observed kinetic behavior. Unlike the systems de-
© 2000 John Wiley & Sons, Inc. scribed in a previous article [16], the solutions used in
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the present study were of sufficiently low ionic wherekis aconstantankf isthe value of the observed
strength to enable ionic activities to be taken into ac- quenching rate constard, when the ionic strength is
count by the application of the Debye-tkel equa- zero [18]. At zero ionic strength all ionic activity co-
tion. In particular, a novel derivation of the equation efficients are unity and skj = kK.

for the dependence of the Stern-Volmer constant on  An equation for the dependencelgfon the ionic
the ionic strength is given which requires none of the strength can be derived from Eq. (6) by multiplying
usual assumptions. An iterative, linear least-squaresthe numerator and denominator by, applying the
computer program is also described which enables op- definitions of mean activity coefficients, and taking the
timized values of the ionic size parameter to be ob- natural logarithm of both sides of the resulting equa-
tained from the experimental data. tion:

Ky = K(vae v-v-lyey-) = K(v2:0¥(v1:0* (7)

In(ky) = In(ky) +31In(y2.) — 2In(y1.)  (8)

THEORY

The observed fluorescence life-time of quinine is i ) o o
found to decrease as the concentration of quencher isUSing the Debye-Hekel law for meanionic activity
increased [16], which supports the notion that the coefﬂmen?s, as it was originally intended to be used,
quenching process is a dynamic one and is not a staticthe following expressions apply:

process involving the formation of a nonfluorescent

complex between the fluorophore and quencher, which IN(y2:0) = —|z2. Z|AIY(1 + Bal') 9)
has been proposed previously [8—11]. A Kkinetic

scheme for the excited-state quenching of the fluores- In(y:.2) = —lz.zZ|AM¥(1 + Bal*)  (10)

cence of the quinine dicatio@?*, by a halide ionX-,
is given in reactions (1)—(3): wherez,, z,,, andz_ are the charges on th&()*,

@Q?*, and X~ species, respectivelyl, is the ionic
trengtha is the ionic size parameter, aAcandB are
* + hy — (Q*)* fast 1 S .
Q v (@) (fast) @) constants whose numerical values at@h aqueous
solution are 1.1611 and 3.2241(, respectively [19].
Substituting Egs. (9) and (10) in Eq. (8) leads to the
following expression:

Q@) + X-=—=(T) )

+)* L) 2+ —)*

() @+ (X 3) In(ky) = In(ky) — 4 AlI¥4(1 + Bal*3)  (11)
where T*)* is a transient complex that is formed pre-
sumably in a fast, reversible reaction betwe®a{*
andX-, andk, is the second-order rate constant for the
guenching process. The equilibrium constdfit for
the formation of the transient complex produced in
reaction (2) is given by Eqg. (4):

An expression similar to Eq. (11) has been applied in
studying the effect of ionic strength on the fluores-
cence quenching of quinine by monovalent negative
ions [12].

EXPERIMENTAL SECTION
K= (vl vor y (T U QIIXT] 4)
o o Quinine bisulfate  (6-methoxy-cinchonan-9-ol,
wherevy,, y,., andy_ are Fhe activity coefficients of CoH,aN,0, - H,SO, - 7TH,0, 1:1 sulfate salt) from
(TH)*, Q> andX-, respectively. Eastman Kodak was used as received. The fluores-

Since the rates of reactions (1) and (2) are presum- cence characteristics of the quinine was determined
ably fast, the observed rate of quenching will be de- 53,4 found to be in agreement with previous work

termined by the rate of the process shown in reaction [ 20]. All other chemicals used in the study were an-
(3). Thus, the following equalities can be derived read- alytical grade: NaCl (BDH Chemicals Limited), NaBr

ily: (BDH Chemicals Limited), and HNS(BDH Chemi-
cals Limited). Prepared stock solutions of these rea-
Rate= K[(T*)*] = kK(vo,y_ [y )[Q**][X7] gents in distilled water were tested and found to be

= k[Q*][X]T () free of fluorescent impurities.
Distilled water was used in preparing “sets” of
Ky = Ki(vay-1v2) (6) agueous solutions all containing quinine at a constant
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level of 2.0 X 105 M and with each set having a 3.0 -
different ionic strength. Each set comprised six solu-
tions where the halide (NaCl or NaBr) concentration
was: zero, 1.0< 1073, 2.0 X 1073, 3.0 X 103, 4.0X
103 or 5.0 X 103 M. These halide concentrations
were deliberately chosen so that the variation in 20
guencher concentration does not affect significantly =

the “nominal” ionic strength of each set of solutions. =+

2.5

Indeed, in calculating the latter, the contribution made 1.5
by the quencher was assumed to be equal to the “av-
erage” quencher concentration of 2610-3 M. 1.0 1

In a previous study, it was shown that the effect of
electrolytes on the rate of quenching is related to the

ionic strength and not simply to the acidity of the so- 0.5- 7
lution [11]. Nonetheless, the “kinetic salt” effect can 0 10 20 30 40 50 60
be produced successfully by varying the acidity of the ’ ) ’ ’
test solution. Thus, the ionic strength of each set of [@QBS]x 103/M

solutions was fixed by the addition of HN®@o pro- Figure 1 Typical Stern-Volmer plots at 2C for the
duce a final HNQ concentration in the range 2% guenching of quinine (2.0< 105 M) fluorescence at 450

10-3to 2.0 M in the case of solutions containing NaCl, nm by NaCl where the nominal ionic strength of the test

and 5.0X 103to 5.0 X 10-* M in the case of the  solutionis: (ay], 5.6 X 10-* M; (b) M, 5.26 X 10~ M; (c)

NaBr solutions. O, 253X 10t M; and (d) @, 2.00 M. Excitation wave-
Fluorescence intensities at 450 nm (the wavelength 'ength: 350 nm.

of maximum emission of the quinine species in acidic

solution) were measured at ZDusing an excitation

wavelength of 350 nm (the wavelength of maximum

absorbance of the quinine dication) on a Perkin-Elmer confidence level, calculated using an appropriate value
model LS-50 spectrofluorimeter. of the Student-statistic) and vertical axis intercep,

in the range 0.98%  y, = 1.011 (99.9% confidence
level). The linearity of these plots confirms that the
RESULTS AND DISCUSSION variation in the quencher concentration within a given
set of solutions does not affect significantly the nom-
At a given ionic strength of solution, the observed inalionic strength.
quenching of fluorescence can be modeled quantita- Shown in Figure 2 is a “pseudo-code” representa-

tively by the following form of the Stern-Volmer tion [22,23] of a computer program that was used to
equation [11,21]: perform iterative linear least-squares regression anal-

yses on data extracted from the Stern- Volmer plots in
12/~ 1+ ko Q] (12) order to determine an optimum value of the ionic size
parametet. SinceKg, = Kk;m, then Eq. (11) can be

wherel, is the fluorescence intensity, is the fluores- Used to derive:
cence intensity whend] = 0, andr, is the fluores-

cence lifetime when@] = 0. Thus, a plot ofl{ I} In(Ksy) = In(kgmo) — 4 AIV4(1 + Bal*?) (13)
against Q] is a straight line that has a slope equal to
the Stern-Volmer constaris, whereKs, = k7. Thus a plot of INKs,) vs.1¥2/(1 + Bal¥?) will be linear

For each set of solutions of a given ionic strength, with a gradient equal te-4 A and a vertical axis in-

a Stern-V(_)Imer _p_lot was constructed using the fluo- tercept equal to € 7). The computer program reads
rescence intensities measured at 450 nm, the Wave-corresponding pairs d{sv and ionic Strength values

length of maximum emission. Figure 1 shows selected and, in an iterative loop, calculates the data pairs
Stern-Volmer plots that are typical of the results ob- |n(K,,) andI1¥%(1 + Bal¥?), where the latter is cal-
tained for the quenching of quinine by chloride ions. culated using a value of the produgtx a, which is

Similar behavior was also observed for bromide ion set in the loop. A linear regression is then performed
quenching. In all cases in this study, the Stern-Volmer

quts Were.StrE’-'ght lines each with a correlation coef- 7 listing of the computer program code, which is written in the
ficient, r2, in the range 0.994 r2 =< 1.000 (99.9% BASIC language, is available from the authors on request.
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by calculating abscissa values using the appropriate
Optimization of *Ba" Product: Ionic Strength Effect Optimized Value Of the prOdUﬁ X a, WhiCh, in turn,
set lower and upper limits of product Ba: BaMin, BaMax were determined using the computer program de-
set increment for Ba: deltaa scribed by Figure 2. The experimental data confirm
TR venching rate comstanc. k(1. trom the dace fire oo that the value oK, decreases with increased ionic
repeat with Ba = BaMin to BaMax step deltaBa strength, a trend that has been observed elsewhere for
Tt = TSQRIL4))/ (1 + BatSQRIZ(5))) the quenching of quinine fluorescence by chloride ions
Sreligrjﬁeﬁ;:i(ia)sl cvares regresston on tx(5r. vio1 [11,16] and which has been attributed to the ionic
o (EEIDE Ba, gradient, intercept and regression coetficient strength effect of the solvent medium on the value of
end the quenching rate constaky,[16].
In the present study, the optimized value of the

Figure 2 A “pseudo-code” listing of an iterative, linear  productB X a for chloride ion quenching was found
least-squares regression program for determining an opti- to be B X a.,- = 1.491. This is comparable to the
mum value of the ionic size parameter from steady-state flu- value obtained by Harty and Rolefson [12], who stud-
orescence quenching data. ied a similar system; for bromide quenching, x

ag- = 1.630 was found in the present study. From

these products, the ionic size parameters for the
on the calculated data pairs, and the gradient, intercept,quenchers are calculated to &g = 4.56 = 0.07 A
and regression coefficient?, are displayed before the  anda,, = 4.98+ 0.23 A Itis interesting to note that
value of the producB X a is incremented and the the ratio of the experimental ionic size parameters re-
process repeated. An examination of the output pro- flects almost exactly, and within experimental error,
duced by the program in successive trials enables thethe ratio of the ionic radii of the two species. In par-
value of the producB X ato be optimized in such a  ticular, ag,- fag- = 1.09 = 0.07 andrg, ¥ = 1.08,

way that the observed gradient of the plot is equal to the latter calculated using tabulated values ofhe

the theoretical value;-4 A. Since the value of the jonic radius [24].

constantB is known at the temperature of the experi- |t is clear from the data presented in Figure 3 that

ment, then the value of the ionic size parameter can the bromide ion quenches the fluorescence of quinine

be subsequently calculated from the optimized value more efficiently than the chloride ion. The vertical axis

of the producB X a. intercepts of the two plots can be used to determine

Figure 3 shows plots of lifs,) vs. I"¥(1 + the ratio of the quenching rate constants at zero ionic

Bal*?) for the quenching of quinine fluorescence by strength K, (Br)/k’(Cl-) = 1.28 = 0.08, which sug-

the halide ions Cl and Br. Each plot was produced  gests that the quenching of quinine fluorescence by the
bromide ion occurs at a rate that is about 28% faster
than that observed for the chloride ion. Absolute val-

6.5 ues ofk; can be calculated from the intercepts by using
[ V=-4645x+ 6272 r? = 0.988 an appropriate value af,
6.0 Fluorescence life-time experiments of quinine in
solutions containing different concentrations g8,
55 have shown that there is a small, but significant, de-
— crease in the fluorescence life-time from 18.9 to 17.5
s ns when the acid concentration is decreased from 1.0
X 50 to 0.1 M. Such a difference can be attributed to the
£ suppression of a nonradiative deactivation pathway by
4.5 the acid [16,25]. If the value of, = 17.5 ns is taken
as a good approximation of the fluorescent life-time
4.0 of quinine in a solution of zero ionic strength, then the
Y = - 4.645x + 6.024; 12 = 0.998 — calculatedk; values ar€, (Ql = (2.36 = 0.04) X
35 10°°M-tstandk; (Br) = (3.03*+ 0.13) X 10"°M~*

I I I

I
0O 01 02 03 04 05

12/(1 + Bal'/2)

Figure 3 Plots of InKgy) vs. 1Y¥(1 + Bal*?) for the CONCLUSIONS
guenching of quinine fluorescence af@My: (a) CI ions
(O) whereB X ay = 1.491, and (b) Br ions @) where The experimental results conform to the derived theo-

B X ag, = 1.630. retical model and, thus, support the notion that the

s
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quenching of quinine fluorescence by halide ions can 6.
be described adequately as a dynamic process involv-

ing the formation of an activated complex whose rate /-
of deactivation is dependent on the ionic strength of
the medium. The functional dependence of the ob-
served decrease in the Stern-Volmer quenching rate

constant with increasing ionic strength can be readily ;g

derived from consideration of the mean ionic activity

coefficients associated with the species comprising the 11.
activated complex and the application of the Debye- 12.

Huckel equation. By fitting the experimental data to
the derived function it was found that, within experi-
mental error, the ratio of the ionic size parameters of
the two quenchers investigated is almost equal to the
ratio of their ionic radii and that the quenching of qui-
nine fluorescence by the bromide ion is about 28%
faster than that observed for the chloride ion. Itis an- ¢
ticipated that the experimental protocol described

herein can be successfully applied to the future sys- 17.

tematic study of other quenching systems.

18.
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