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Abstract: The fluorescence quenching of 5-methyl-2-phenylindole (MPI) by carbon tetrachloride by steady
state in different solvents, and by transient method in benzene has been carried out at room temperature. The
Stern—Volmer (SV) plot has been found to be non-linear with a positive deviation for all the solvents studied. In
order to interpret these results we have invoked the ground state complex and sphere of action static quenching
models. Using these models various rate parameters have been determined. The magnitudes of these parameters
imply that sphere of action static quenching model agrees well with the experimental results. Hence the positive
deviation in the SV plots is attributed to the static and dynamic quenching. Further, from the studies of
temperature dependence of rate parameters and lifetime measurements, it could be explained that the positive
deviation is due to the presence of a small static quenching component in the overall dynamic quenching. With
the use of finite sink approximation model, it was possible to check whether these bimolecular reactions as
diffusion limited and to estimate independently distance parameter R' and mutual diffusion coefficient D. Finally
an effort has been made to correlate the values of R' and D with the values of the encounter distance R and the
mutual diffusion coefficient D determined using the Edward's empirical relation and Stokes—Einstein relation.
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I Introduction

Fluorescence quenching of aromatic hydrocarbons in solvents by various quenchers like aniline,
bromobenzene, carbon tetra chloride (CCly), ethyltrithiocarbonate, halide ions, metal ions, etc. has been a
subject of continued investigation for the last couple of decades [1-11]. The study has been mainly to understand
the nature of biomolecular reactions taking place both under study state and transient conditions. This study has
not only been of importance in physical sciences but also in chemical, biological and medical sciences[12-
18].The fluorescence yield in bimolecular liquid systems is hindered due to several mechanisms such as static
and dynamic quenching, excimer and exciplex formation, charge transfer processes, etc. One of the well-known
experimental techniques used to study the role of fluorescence quenching is to determine the quenching rate
parameter using Stern—Volmer (SV) plots. If the quenching mechanism is mainly due to dynamic process, then
it will be largely due to diffusion in which case diffusion rate parameter ky equals the quenching rate parameter
kq (= K/1,) where K, is the slope of the linear plot and t0 is the decay time of the solute in the absence of
the quencher. On the other hand, if the experimental results do not simulate with the simple linear SV equation,
then it may be due to one of the above processes other than or along with diffusion processes. In the present
study we have used both steady-state and transient experimental setup to investigate the quenching of 5-methyl-
2-phenylindole (MPI)by CCl, in four different organic solvents with a view to understand the nature of
quenching mechanism involved in these systems. MPI is widely used as a Laser dye and has several applications
such as anticoagulants fluorescence indicator and optical brightness properties [14]. The various rate parameters
responsible for fluorescence quenching have been determined by sphere of action static quenching model. In the
light of these rate parameters, lifetime measurements and dependence of quenching rate parameter on the
temperature of the medium, the possible quenching mechanisms are discussed.

II. Theory
The dynamic process in which quenching mechanism is mainly due to collision is governed by the
linear SV equation

I/1=1+K[Q], (1)
To/1=1+K’,[Q], (2)

where I, and 1, are the fluorescence intensity and fluorescence lifetime in the absence of quencher, I and t are
the fluorescence intensity and fluorescence lifetime in the presence of quencher [Q], Ky, ( = kg 7,) and K, (= kg
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1,) are SV constant and kq ( = kq’) is the quenching rate parameter. Eqs. (1) and (2) are applicable as long as the
experimental results show linear variation. The departure from linearity in SV plot, suggests that quenching
mechanism is not purely collisional and this may be attributed either to the ground state complex formation or to
the sphere of action static quenching model [7].

In order to see whether the ground state complex formation is partly playing a role, one can use
extended SV equation [19, 20] given by

[(IO/I) - 1]/[Q]: (st + kg)+(stkg) [Q] (3)

where Ky, is the SV constant and k, is the ground state association constant. From Eq. (3), the values of K, and
k, can easily be determined by least-squares fit method.

The ground state complex formation takes place if quenching constant k, (= K,/ 7,) obtained from Eq.
(3) agrees well with that obtained from the lower portions of the plot according to Eq. (1). In that case static
quenching is very low. Apart from this, the ground state complex formation may be noticed if there is a change
in the absorption and fluorescence spectra even at higher concentrations of quencher.

In order to see whether static quenching process is playing a role, one can use ‘‘sphere of action static
quenching model’’. According to this model, the instantaneous or static quenching occurs if the quencher
molecule is very near to, or in contact with the fluorescent molecule at the exact moment it happens to be
excited. This was explained by the fact that only a certain fraction ‘W’ of the excited state is actually quenched
by the collisional mechanism. Some molecules in the excited state, the fraction of which is (1-W), are de-
activated almost instantaneously after being formed, because a quencher molecule happens to be randomly
positioned in the proximity at the time the molecules are excited and interacts very strongly with them. Several
models were employed (Smoluchowski model) [21, 22] to describe this static quenching process, all leading to
the following modified form of the SV equation.

(I/I)= 1+ Ko [QI/W “)

As W depends on the quencher concentration [Q], the SV plots for a quencher with a high quenching ability
generally deviate from linearity. Thus it is worth rewriting Eq. (4) as
[1-(I/DY[Q]= (K(Io/T) +(1-W)/[Q] &)

From Eq. (5) one can easily calculate K, and the values of W by least-squares fit method. According to Zeng et
al. [20] and Andre et al. [24], if the distance between the quencher molecule and the excited molecule lies
between the encounter distance and the kinetic distance, the static effect takes place especially in the case of
steady-state experiments irrespective of ground state complex formation provided reactions are limited by
diffusion.

111. Experimental details

he solute MPI was a generous gift from a colleague from Department of Chemistry, Gulbarga
University, Gulbarga and is of scintillation grade. The molecular structure of MPI is shown in Fig. 1. The
quencher CCly was obtained from BDH laboratory, UK and was of HPLC grade. All other solvents were
obtained from s-d fine chemicals Ltd., India. They were of spectroscopic grade and used without any further
purification. The solutions were prepared keeping the concentration of MPI fixed (1X10™* M) and varying the
quencher concentration (0.02-0.10 M) in all the solvents. Fluorescence spectrophotometer F-2000 (Hitachi
Japan make Bandwidth 10 nm) was used for fluorescence intensity measurements, with perpendicular geometry.
Fluorescence measurements were made taking fresh solution each time in a rectangular quartz cell having an
airtight stopper. The solute has maximum absorption at 280 nm. The solute was excited at 280 nm and the
fluorescence spectrum was recorded. The maximum fluorescence corresponds to 332 nm. First the fluorescence
intensity I, was measured without the quencher and then the fluorescence intensity I was measured at different
quencher concentrations and at a fixed solute concentration. Measurement of fluorescence lifetime of the solute
with and without quencher, and at different temperatures was made by single photon counting time-domain
spectrometer (Edinburgh Instrument, UK, Model EI-199). Hydrogen gas was used to fill the Lamp of the single
photon counting (SPC) system at 0.6 atm pressure, keeping electrode separation 0.7 mm, applying the discharge
voltage of about 7 kV and operating the Lamp at a frequency of 30 kHz, with this setting, Lamp pulses having
pulse width of about 1 ns at FWHM were obtained. A nonlinear least-squares iterative reconvolution
mathematical procedure was used here. The fluorescence lifetime data were analyzed by considering reduced
chi-square (y”) value. The observed fluorescence decays were monoexponential. It has been found that the value
of (x°) is nearly equal to 1. The experimental values are reproducible within 5% of the experimental error.
Description of the experimental setup is discussed elsewhere [13].
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3. Tables and Figures
3.1. Tables

Table 1.The values of Stern—Volmer constant K,, bimolecular quenching rate parameter k,, static
quenching constant V and kinetic distance r for different solvents.

Solvent Ksv (M) kX10X ™ v r(&)
™m'sh (mol'dm*)
Toluene 78.78 10.00 22.34 20.69
Benzene 19.51 2.49 2.73 9.80
Cyclohexane 22.80 291 58.09 28.40
DMSO 15.90 2.03 14.78 18.00
Ry=3.98 A, Ro=2.73 A, 1,=0.784 ns.

Table 2. The values of K :_)v (steady-state quenching constant at [Q] = 0), mutual diffusion coefficient D,

distance parameter R', 47V DR, quenching rate parameter kg, coefficient of viscosity 1 and
solvent polarity ¢

0 5 , .
Solvent K, Dx10 l} 47N DR x 10" kq x107" (M's™) n(m £
(dm3 mol'l) (cm’s™) (A) (M"s'l) pasec)
Toluene 53.10 7.50 11.93 6.77 10 0.59 2.38
Benzene 0.146 36.60 0.68 0.012 2.49 0.65 2.28
Cyclohexane 19.35 2.50 13.04 247 291 0.98 2.02
DMSO 8.32 2.19 6.40 1.06 2.03 2.20 4.70

R (= Ry+Rg) = 6.71 A.

Table 3. The values of mutual diffusion coefficients D* and D", distance parameter R* and
encounter distance R

R A

Solvent D* x 10°(cm’s™) D" x 10°(cm’s™)

Toluene 391 7.50 11.93

Benzene 2.39 36.60 0.675
Cyclohexane 2.20 2.50 13.04

DMSO 0.98 2.19 6.40

R (= Ry+Ry) = 6.71 A.
"Diffusion coefficients determined from Stoke—Einstein relation.
"Diffusion coefficients determined from finite sink approximation model.

Table 4. The values of intercept, range of W, static quenching constant V and radii of the sphere of
action (kinetic distance) r for (MPI+CCl,) system at different temperatures

Temperature (°C) Intercept Range of W V(mol'dm®) r (A )
30 4.44 0.56-0.91 5.86 13.2
40 6.66 0.33-0.87 10.90 16.2
50 1.89 0.81-0.96 2.09 9.39
60 3.79 0.62-0.92 4.76 12.3

Ry (MP)=3.98 A, R, (CCl) =273 A, R(=Ry+Rg)=6.71 A.

Table 5. The Stern—Volmer quenching constant Ky, the quenching rate parameter k4 at different
temperatures and the activation energy E, for collisional quenching process for (MPI+CCl,)

system.
Temperature (°C) K, (M) k,x10”° (M's™) E,(kJmol™)
30 5.57 6.61 20.29
40 6.66 7.90
50 9.73 11.54
60 11.12 13.19
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3.2 Figures
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Fig. 1. Molecular structure of MPI
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Fig. 2. Stern-Volmer plots of I/Io against [Q] in different solvents.
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Fig. 3 Absorption spectra of MPI (C=1x10"M) in the presence of CCl, in hexane at 27°C.
Concentrations of CCl, (0.00, 0.02, 0.04, 0.06, 0.08 and to 0.10 M)
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Fig. 4. Fluorescence emission spectra of MPI (C =1 x 10* M, hex = 280 nm) in presence of CCl,in
benzene at 27°C. Concentrations of CCl, (0.00, 0.02, 0.04, 0.06, 0.08 and to 0.10 M)
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Fig. 5. Plots of [1-(I/1y)]/[Q] against I/I, for MPI + CCl, system in different solvents.
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Fig. 6. Plots of K, versus [Q]'? in different solvents.
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Fig. 7 Plots of [1-(I/1p)]/[Q] against 1/I, for MPI+CCl,
system in benzene at different temperatures.
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Fig. 9 Fluorescence decay profiles of MPI at different quencher
concentrations of CCl, (0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 M).
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Fig. 10. Stern-Volmer plot of 7o/t versus [Q] in benzene for MPI + CCl, system
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Iv. Results and discussion

The SV plots obtained by using the experimentally determined values of I, and I are found to be non-
linear in all the solvents showing positive deviation and are shown in Fig. 2. Similar experimental results were
also observed by others [1-6]. Thus, positive deviation from linearity suggests that quenching is not purely
collisional and this may be attributed either to the ground state complex formation or to the sphere of action
static quenching model [7].

The values of K, from Eq. (3) were found to be imaginary in all the solvents. Therefore, the role of
ground state complex formation is ruled out in the present case. This is also confirmed by the fact that there is
no shift in the peak position in the absorption spectrum of MPI in hexane, and emission spectrum of MPI in
benzene at different quencher concentrations as shown in Figs. 3 and 4. These facts show that Eq. (3) is not
applicable for the analysis of the data corresponding to the observed positive deviation in the SV plots. Thus the
analysis of the data for positive deviation in the SV plot was made using ‘‘sphere of action static quenching
model”’. Fig. 5 shows the plots of [1-(I/1,)]/[Q] against I/I, for MPI with CCl, as quencher in different solvents
which are linear according to Eq. (5).

The dynamic quenching constant K, is determined in all the cases by least-squares fit method using Eq.
(5) and the values are given in Table 1. Fluorescence lifetime t, is given at the bottom of Table 1. Bimolecular
quenching rate parameter kq was determined from the experimentally determined values of K, and 1, according
to the relation k, = K./, and the values are given in Table 1. In order to support static and dynamic effects, we
have determined the magnitudes of static quenching constant V and radii r of sphere of action (or kinetic
distance) using the abovementioned theory for sphere of action model. By using equations W = ¢ ™%, V/N, =
(4 71)/3 and (5) the values of V and r are determined by least-squares fit method in all the solvents and are
given in Table 1. Similar results were also obtained by others [7, 12, 29]. The radii of the solute (Ry) and the
quencher (Rg) molecules were determined by adding the atomic volumes of all the atoms constituting the
molecule as suggested by Edward [23] and are given at the bottom of Table 1. From these values of Ry and Ry,
the sum of the molecular radii [R] of the solute MPI and the quencher CCly is determined. This sum of the
molecular radii R is referred to as encounter distance or contact distance or reactive distance. This value of R is
then compared with the values of ‘r’ to verify whether the reaction is due to sphere of action model. From Table
1 we see that the values of kinetic distance ‘r’ are greater than the encounter distance R. Therefore, according to
Zeng et al. [20] and Andre et al. [24] the static effect takes place irrespective of ground state complex formation
provided reactions are limited by diffusion indicating that the sphere of action model holds well in our case also.
Further it may also be noted that a positive deviation in SV plot is expected when both static and dynamic
quenching occurs simultaneously [19].

Further to find out whether the reactions are diffusion limited we invoke the finite sink approximation
model [25-27] for steady state which helps us to estimate independently the mutual diffusion coefficient D,
distance parameter R’ and activation energy-controlled rate constant k,. The modified SV equation [20].

/3
k=) —%[Q]” (©)
0
o 47N DRz k,
= (7)

" 4zN'DR+k,
Finite sink approximation model is used to determine the values of D, R, and k,. For efficient
quenching processes the value of K, is often observed to increase with [Q] [20]. Hence the values of K, were

determined at each quencher concentration in all the solvents and the values of k;vl are also determined. Fig. 6
shows the plots of k;vl against [Q]"”. From these figures we see that all the plots in different solvents are almost

linear and small deviation may be due to experimental uncertainties. Hence, the linear dependence of k;vl on the
one-third power of quencher concentration within the error limits is confirmed [20]. Then the least-squares fit
value of K :_)v (SV constant at [Q] = 0) was obtained from the intercept of the plot of ks_v1 against [Q] 3
according to Eq. (6). Similarly, mutual diffusion coefficients D were determined from the slope of the Eq. (6) by

least-squares fit method and the values of K :_)v and D are given in Table 2. Using these values of K :_)v and D, the

distance parameter R, was determined according to equation Ky~ 42V DRt , and the values are given in
Table 2. According to Joshi et al. [28] the bimolecular reactions are said to be diffusion limited if the values of

kq (determined from Eq. (5)) are greater than 472V ‘DR’ . Hence the values of 47N DR’ are calculated using
the experimentally determined values of R, and D of Eq. (6) and are given in Table 2. We see from the table that
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in all the solvents the values of k, are greater than 47zN DR, which is an expected result for diffusion-limited
reaction [27]. When we compare the quenching rate parameter k, with solvent polarity and viscosity, it is found
that kg is independent of solvent polarity but depends on solvent viscosity. This fact is clear from Table 2. While
kg is high in toluene, the less viscous solvent, it is low in DMSO, the most viscous solvent. Hence no correlation
exists between kg and solvent polarity.

It is important to note that, when an attempt was made to correlate the experimentally determined
values of mutual diffusion coefficient D and distance parameter R’ using finite sink approximation model with
the corresponding values of D and R calculated from Stoke—Einstein relation and Edward’s empirical relations
respectively in all the systems, the values of D and R’ (or R) determined from the two methods are quite
comparable. From Table 3 it is clear that correlation fails in some other solvents. Similar discrepancies have also
been observed by others [20, 28] in some bimolecular quenching reactions. This may be due to the uncertainties
in the values of adjustable parameter ‘a’ in the Stoke’s—Einstein relation and the approximation in the values of
atomic volume in the Edward’s relation. Hence we may conclude that finite sink approximation model is valid
in recovering the parameters D and R’(or R). In order to check whether these reactions are diffusion limited, the
temperature dependence of rate constant k, is examined. The fluorescence quenching was carried out in the
temperature range 30—60° C by both steady state and transient methods. Fluorescence lifetime t, of MPI at
different temperatures is measured by single photon counting time-domain spectrometer (Edinburgh Instrument,
UK, Model EI-199). No variation in fluorescence lifetime with temperature was observed. This may be due to
the following fact. The molecular structure of MPI may be such that the gap between S1 and T2 may be narrow
or may lie on the same line or such that even state order gets inverted on heating, i.e. T2 lies below S1. When
this happens, there is no increase in the rate of non-radiative intersystem crossing. Hence the lifetime of MPI
remain almost constant over the temperature range of our study [30]. Therefore, we have used the average value
of 1,, (= 0.844 ns) at all temperatures. The SV plots at all temperatures show positive deviation. By using Eq.
(5), the plot of [1-(I/1,))/[Q] against I/I, was plotted at all temperatures and shown in Fig. 7. From linear fit
values, K, and V are determined and are listed in Table 4. The values of quenching rate k, was calculated at all
temperatures and listed in Table 5. From this table it is clear that K, increases with temperature since Kger
increases, as expected. Ky, depends on temperature through the temperature dependence of rate constant k, and
the fluorescence lifetime t(t). It has been assumed that k, is proportional to exp (-Eq/RT) [1]. Where E, is the
activation energy for collisional process, R the gas constant and T the absolute temperature. Thus the value of E
can be determined on the slope of the plot Inkq versus inverse of the absolute temperature T. Fig. 8 shows the
plot of Inkq versus 10°/T for MPI+CCl, system. From this figure it can be seen that the plot is linear. From the
least-squares fit value of the slope of this plot, the value of E4 has been determined and is given in Table 5.
Similar values of E; have been obtained by others also [1-4]. The values of E, being approximately equal to the
values obtained by others suggest that the rates of reactions are limited by diffusion of the reactants through the
solvents. These facts suggest the presence of static quenching component in overall dynamic quenching. The
fluorescence decay profile for MPI+CCly in benzene at different quencher concentrations is shown in Fig. 9.
Further, we checked whether a transient effect also play a role in the overall dynamic quenching process. If
transient effect is playing a role, the plot of (1,/t) against [Q] is not linear. But from Fig. 10, it is observed that
the plot of (t,/1) against [Q] is linear. It indicates that transient effect is not playing a role in quenching process.
This fact is also supported by the variation of static quenching constant with temperature. Thus the linearity of
(to/t) with [Q] and the variation of V prompt us to suggest that positive deviation in the SV plot in the system is
due to the presence of static quenching component in overall dynamic quenching.

V. Conclusion
From the above discussion we observe that: (1) the SV plots show positive deviation leading to high
values of k,, indicating efficient fluorescence quenching. (2) Static quenching constant “V’ and kinetic distance

‘r’ are in agreement with the corresponding literature values. (3) The value of kg is greater than 47zV ‘DR’ inall
solvents. (4) Further, the values of R” and D determined from the finite sink approximation model are close to
the values determined from Edward’s and Stokes—Einstein empirical relations, respectively. In view of the
above facts we may conclude that quenching reaction is diffusion limited and both static and dynamic
quenching processes are partly playing a role in this system.
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