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DIFFERENT ORGANIC SOLVENTS

J. S. KADADEVARMATH, T. P. GIRADDI and G. C. CHIKKUR®
Department of Physics, Karnatak University, Dharwad 580 003, India

(Received 20 May 1997; accepted 26 September 1997)

Abstract — The fluorescence quenching of 2,5-di-(5-tert-butyl-2-benzoxazolyl)-thiophene (BBOT) by aniline
in five different solvents namely heptane, hexane, cyclohexane, dioxane and acetonitrile has been carried out at
room temperature with a view to understand the quenching mechanisms. The experimental results show
positive deviation in the Stern-Volmer plots in all the solvents. 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 suggest that sphere of action static
quenching model agrees well with the experimental results. Hence this positive deviation is attributed to the
static and dynamic quenching. Further, with the use of Finife Sink approximation model, it was possible to
check these bimolecular reactions as diffusion-limited and to estimate independently distance parameter R' and
mutual diffusion coefficient D. Finally an attempt 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.

INTRODUCTION

Fluorescence quenching of organic molecules using
external quenchers, in liquid phase has been a study of
intensive investigation over the last nearly four
decades.’””” The study has been mainly to understand the
nature of bimolecular reactions taking place both under
steady state and transient conditions. This study has not
only been of importance in physical sciences but also in
chemical, biological and medical sciences.*!* 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 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 K, (= K../7) where K., is the slope of the
linear Stern-Volmer plot and 7 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 Stern-Volmer relationship, then it may be
due to one of the above processes other than or along
with diffusion process.

In the present study we have used steady state
experimental setup to investigate the quenching of 2,5-
di-(5-tert-butyl-2-benzoxazolyl)-thiophene (BBOT) by
aniline in five different organic solvents with a view to

* To whom correspondence should be addressed.
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understand the nature of quenching mechanism involved
in these systems.

MATERIALS AND METHODS

The solute 2,5-Di-(5-tert-butyl-2-benzoxazolyl)-thiophene
(BBOT) was obtained from Koch-Light Laboratories Ltd.,
England and is of scintillation grade. The quencher aniline
was obtained from BDH Laboratory, England and was tested
for its purity before use. The solvents were obtained from
BDH, India and were double distilled and tested for their
purity before use. The solutions were prepared keeping the
concentration of BBOT fixed (0.5 g/L) and varying the
quencher concentration (0.02 M to 0.1 M) in all the solvents,
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Figure 1. A schematic sketch of the experimental arrangement to
measure the intensity of the scintillator solution.
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Table 2. Stern-Volmer plot of [,/I against [Q] in hexane.
heptane and cyclohexane.

All the solutions were studied at room temperature.

Fluorescence intensities were measured using perpendicular
geometry and the schematic sketch of the experimental
arrangement is as shown in Fig. 1 and the experimental details
are given elsewhere.”

RESULTS AND DISCUSSION

At a fixed solute concentration same quantity of the
fresh solution at different quencher concentrations was
taken in a rectangular quartz cell having an air tight
stopper. First the fluorescence intensity, I, was measured
without the quencher and then the fluorescence intensity,
I was measured at different quencher concentrations at a
fixed solute concentration. The experimental values are
reproducible within 5% of the experimental error. Using
the experimentally determined values of I, and I in
different solvents, the Stern-Volmer plots were obtained
and are given in Figs. 2 and 3, respectively. Figs. 2 and
3 show that the plots are non-linear showing positive
deviation. 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.’

MeCN

— 5L/

Dioxan

O T T T L T
0.00 0.02 0.04 0.06 0.08 0.10

—_>Q

Figure 3. Stern-Volmer plot of [/l against [Q] in dioxane and

acetonitrile.

In order to see whether the ground state complex
formation is partly playing a role, we have used
extended Stern-Volmer equation®/® given by

[(A/T) = T1Q) = (Kew + kg ) + (Ko k) [Q] ()

Where K., and k, are Stern-Volmer and ground state
association constants, respectively. In accordance with
the above equation, the values of K,. and k, can easily
be determined by least square fit method and these
values are given in table | for all the solvents except in
acetonitrile. Since in acetonitrile the values of K, and k,
are found to be imaginary. From the values of K,,, the
bimolecular quenching rate parameters k, (= K../7) were
determined (where 7 = 1.2 ns is the life time of the
solute BBOT in the absence of quencher taken from
Koch-Light Laboratories Ltd., England). The values of
k, thus determined using Eq. (1) are referred as k3 in
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Table 1. The values of Stern-Volmer constant K., ground state
association constant of the complex k, and biomolecular
quenching rate parameter Kq.

Solvent - ke kax 10 kdx 100 kgx 100
M) M) M M'sT) (M'S1)
Hexane 2460 12.79 2.05 231 2.03
Heptane 1841 1025 1.53 2.78 224
Cyclohexane 25.17 420 2.10 2.43 242
Dioxan 905 558 0.75 1.39 1.06
Acetonitrile 290 3.18

Molecule: 2,5-di-(5-tert-butyl-2-benzoxazolyl)thiophene
Quencher: Aniline

*Bimolecular quenching rate parameter determined from ground
state complex model.

PBimolecular quenching rate parameter determined from linear
portion (low concentration) of the plots I, /I against [Q].
‘Bimolecular quenching rate parameter determined from sphere
of action static quenching model.

Table 1. Then from Figs. 2 and 3 the values of k, were
determined from lower portion (lower concentration
region) of the curve 1/1 versus [Q]. These values of kg
are referred as k§ in Table 1. Then according to the
theory,’’¢ if the values of k& and k§ determined from
these two methods are equal, then there is formation of
weak ground state complex. But in our case these values
of ki and k} are not equal in all the solvents. However,
they may be approximately equal in hexane and
cyclohexane. Further, if there is appreciable shift in the
absorption and emission peaks of the solute without and
with the quencher, then there is ground state complex
formation. The fact that there is no shift in the peak
position was confirmed by recording emission spectra of
BBOT in cyclohexane with different quencher
concentrations and is shown in Fig. 4. These facts show
that equation (1) is not applicable for the analysis of the
data corresponding to the observed positive deviation in
the Stern-Volmer plots. Thus the analysis of the data for
positive deviation in S — V plots was made using "Sphere
of action static quenching 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. And 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)”# to describe this static quenching
process, all leading to the following modified form of the
Stern-Volmer equation®.
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Figure 4. Emission spectra of BBOT in cyclohexane with
different quencher concentrations of aniline.

I +K,
1/1) = ——‘i]“— (2)
w

where K., and r have their usual meanings and
explained earlier and [Q] is the quencher concentration.
The Smoluchowski's diffusion controlled equation
containing transient term is written as

Ki=4 N'RD+ 4R N (wD)y2¢'2  (3)

where N'is the Avogadro's number per millimole, R is
the encounter distance i.e. the sum of the radii of the
solute and the quencher molecules, D is the sum of the
diffusion coefficients of solute and quencher molecules
and t is the time. The retention of the latter term of Eq. (3)
leads to an additional factor, W in Eq. (2). This additional
factor W is given by*

W=¢ V0l 4
In(1/W) = V [Q]

where V is the static quenching constant.

Instantaneous (static) quenching occurs in a randomly
distributed system when a quencher happens to reside
within a "sphere of action"” with a volume V/N', and
radius ' i.e.

V/N'= (47 1%)/3 (5)

surrounding a solute molecule at the time of excitation.
As W depends on the quencher concentration [Q] the
Stern-Volmer plots for a quencher with a high

quenching ability generally deviate from linearity. Thus
it is worth rewritting Eq. (2) as

(1 =(WI)V[Q] =Ky (VL) +(1 — W)[Q] (6)

In order to extract more information from Eq. (6) it is
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Figure 5. Plots of [I - (VI)[/[Q] against I/, in hexane, heptane
and cyclohexane.

sensible to calculate the value of [1 — (I/1)]/[Q].
because the plot of [1 —(I/1,)[/[Q] versus I/l, becomes
linear the slope of which is K., and the intercept is (1 -
W)/[Q]. Hence in Figs. 5 and 6 we give the plots of [1 -
(I/1,)1/{Q] against I/I, for BBOT with aniline as
quencher for different solvents.

The dynamic quenching constant K., is determined in
all the cases by least square fit method using equation
(6) and the values are given in Table 2. Fluorescence
lifetime 7 of the solute studied is obtained from the
catalogue of the Koch-Light Laboratories Ltd., England
and is given at the bottom of Table 2. Bimolecular
quenching parameter k, was determined from the
experimentally determined values of K, and literature
value of 7 according to the relation k, = K,, /7 and the
values are given in Table 2. These values of k, are also
given in Table | and are referred as k. From the table |
we see that the values of k& and kg are quite comparable
(of course, k% is the value determined from lower
portion of the curves of Figs. 2 and 3). i.e. the values of
quenching rate parameter k, determined from these two
methods are approximately equal in all the solvents.
This shows that the sphere of action model was able to
recover the dynamic bimolecular quenching constant
(kq). Further no specific interactions between the solute
and the quencher have been identified. Hence we may
conclude that sphere of action model is the best model
to use if one needs the static quenching mechanism.
Therefore the positive deviation in the S-V plots may be
attributed to the sphere of action static quenching
model.

In order to support static and dynamic (transient)
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Figure 6. Plots of [1 - (I/I,))/[Q] against I/I, in dioxane and
acetonitrile.

effects, we have determined the magnitudes of static
quenching constant V and radii r of sphere of action (or
kinetic distance) using the above mentioned theory for
"Sphere of action model". With the use of Egs. (4), (5)
and (6) the values of V and r are determined by least
square fit method in all the systems and the values of V
and r are given in Table 2.

The radii of the solute (Ry) and the quencher (Ro)
molecules were determined by adding the atomic
volumes of all the atoms constituting the molecule as
suggested by Edward’¥ and are given at the bottom of
Table 2. From these values of Ry and R the sum of the
molecular radii (R) of the solute (BBOT) and the
quencher (aniline) i1s determined. This sum of the
molecular radii R is reffered as encounter distance or
contact distance or reactive distance. This value of R is
then compared with the values of ' to varify whether
the reaction is due to "sphere of action model" or not.
Since according to Andre er al.’, and Zeng er al.’s, if the
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Table 2. The Stern-Volmer constant Ky, Quenching rate
parameter kq, Static quenching constant V and Kinetic distance r
for different solvents.

Solvent Ko kx 1010 \ r
M) MIsh (mole~'dm?) (A)
Hexane 24.36 2,03 6.75 13.88
Heptane 2691 224 4.80 12.39
Cyclohexane 29.02 242 245 9.90
Dioxan 12.70 1.06 2.85 1041
Acetonitrile 26.53 318 7.15 14.15

Molecule: 2,5-Di-(5-tert-butyl-2-benzoxazolyl)thiophene
Quencher: Aniline
Ry =457 A,Rq =284 A, 7 =12ns

distance between the quencher molecules and the
excited molecule lies between the encounter distance
(i.e. the sum of radii of the solute and quencher) and the
kinetic distance, the static effect takes place especially
in the case of steady state experiments irrespective of
the ground state complex formation provided the
reactions are limited by diffusion. From Table 2 we see
that the values of kinetic distance (r) are larger than the
encounter distance (R) indicating that the sphere of
action model holds good in our case also. Further it may
also be noted that a positive deviation in the S-V plot is
expected when both static and dynamic quenching occur
simultaneously’“. In order to find out whether the
reactions are diffusion limited we invoke the finite sink
approximation model.

Finite Sink Approximation model

Keizer??-?* has proposed a nonequilibrium statistical
modification of the Smoluchowski-Collins-Kimball
(SCK) expression to fit the I/I ratio in fluorescence
quenching.

In the case of SCK model time-dependent rate
coefficient k(t) for diffusion-limited reaction of initially
randomly distributed reactants is given by?

k(t) = a + b exp(c? t) erfc(ct'?) )
where
- ka -1
=k, _— 8
a=k | 1Y I NRD ] ®
r 47 N'RD 7 -
b=k | 1+ —/— } 9
L k.
- ka D 172
= _— | = (10)
= ' 4~RD } R

Integration of Eq. (7) between the limits [Q](o0) at

r —o and [Q)(R) at r = R provides the well known
expression

1/kq = (1/ke) +(1/ks) (11)

Where ks = 47N'DR and k, is the activation energy
controlled rate constant describing the reaction of
encountered pairs at a reactive distance R and D is the sum
of the diffusion coefficients of solute and quencher
molecules. Following Eq. (11), k; is independent of [Q]. But
for efficient quenching process in liquids, kq is often
observed to increase with [Q]. This might be attributed as
discussed above to static quenching of solute molecule in
the vicinity of [Q], transient effects arising from an initial
time dependence of the concentration gradient or
combination of them.’*

But if one assumes that only the first encounter is of
interest in the case of efficient fluorescence quenching
an initial average separation distance r, can be defined
(sink radius) so that the diffusive region of interest for a
first encounter is in the range R < r < r, such that all
subsequent encounters are eliminated. Integration of the
flux equation between the limits [Q](r,) at r, and [Q](R)
at R leads to modification of Eq. (11) as

1 I —(R/r,) 1
_ = — }
kq kq k,

This equation reduces to the reaction limited form (k, =
ki) both for inefficient quenching (k, € kq) and for
quenching in pure quenching solvents where R = r,. In
the diffusion controlled limit (k. > kq) Eq. (12) reduces
to

(12)

Ka
ke = ——— (13)
1 — R/,

and k, depends on the quenching concentration through r,.
Since the sink radius (r,) is identified with the most
probable nearest neighbour initial separation, the
appropriate distribution requires that # r, = 27N'Q])~ .
Replacing 1, in Eq. (12) by (2#N[Q})-'? and k4 by its
value (i.e. 47N'DR) and dividing everywhere by the
fluorescence lifetime of solute in the absence of
quencher (1) one obtains the modified Stern-Volmer
relationship as’*

@ wN

Ky = (ng)’l - 113 (14)
4 7N'Dr [l
here K° 4 rN'DRTk, A blot of K. inst [Q"
wiere K\yy=——m—mmm—mMmM8M8MmMm ——— oto « against -
4 7NDR + k, P s

becomes linear with negative slope. Mutual diffusion
coefficient D becomes directly accessible from the slope
of the graph exemplified in Eq. (14) and K¢, is obtained
at [Q] = O regardless of the relative magnitudes of k, and
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Figure 7. Plots of K=l against [Q]'” in hexane, heptane and
cyclohexane.

ks (= 4 w N'DR), whether quenching is diffusion limited
or not. From K{. we only have access to R' which is a
composite of R and k, through Eq. (15)

K., =47N'DR’' 7 (15)
where R' is the distance parameter and has the same

meaning as in the long-time SCK model’s** and is given
as

1

R'=R [l +477RDN'/ka} (16)

Then according to the theory discussed above if k, is
greater than ky (i.e. Eq. (11)) then the reactions are said
to be diffusion limited’® (i.e.for R'<<R). But for R' > R,
the bimolecular reactions of fluorescence quenching are
said to be diffusion limited? if the values of ki
determined from Eq. (6) are greater than 477 N'R'D.

Therefore according to Eq. (14) we need to determine
the values of K+, (reciprocal of Ki.) and [Q]'*. Where
K. = [(I4I) — 1}/[Q] and {Q] the quencher concentration
from 0.02 to 0.1 M. For efficent quenching processes
(concentration dependent) the value of K,, is often
observed to increase with [Q]. Hence, the values of K.,
were determined at each quencher concentration in all
the solvents and the values of K |, (reciprocal of K,,) are
also determined. In Figs. 7 and 8 we give the plots of K,
against {Q]"* according to Eq. (14). From these Figures
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Figure 8. Plots of K! against [Q]"? in dioxane and acetonitrile.

we see that all the plots in different solvents are almost
linear and small deviations may be due to experimental
uncertainties. Hence, the linear dependence of K' on
the one-third power of quencher concentration within
the error limits associated with relative fluorescence
intensity measurements was confirmed.”* Then the least
square fit value of K, (Stern-Volmer constant at [Q] = 0)
was obtained from the intercept of the plot of K-J,
against |Q]Y* according to equation (15). Similarly, the
mutual diffusion coefficient D was determined from the
slope of Eq. (14) by least square fit method and the
values of Ki. and D are given in Table 3. Using these
values of Ki, and D, the distance parameter R' was
determined according to Eq. (15) and the values are
given in Table 3. Using the values of distance parameter
R' and encounter distance R activation energy controlled
rate constant k, was also determined according to Eq. (16).
(This value of k, can only be determined for R' less than
R)*. In the case of dioxan the experimentally determined
value of the distance parameter R'(=5.17 A) is less than the
encounter distance R (= 7.41 A). Hence the Value of k, is
determined only for dioxan and is given in Table 3. From
Table 3, we see that ko= 4wN'R'D, and k, > kq or
alternatevily k, > kq (since the value of k, = 1.06 x 100
M 'S ' is almost equal to the value of kq = 0.942 x 10°
M 'S 1), may suggest that quenching is less efficient in
dioxan than in the remaining solvents.”/¢ This may be
due to the fact that the activation process is more
predominant in the quenching mechanism than the
diffusion process. However, according to Zeng et al.’, i
k, is greater than k4 (i.e. Eq. (11)) then the reactions are
said to be diffusion limited which is true in our case for
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Table 3. The values of K¢, (Steady state quenching constant at
[Q] = 0, Mutual diffusion coefficient D, Distance parameter R, 4
7 N'R'D, Quenching rate parameter kq and Activation energy
controlled rate constant k,.

Table 4. The values of Mutual diffusion coefficients D® and Db,
distance parameter R' and encounter distance R are given.

Solvent K% Dx10° R 47NDR'x 10-10 kg x 10710 ky x 10710
M) (m?S!) (A) MIS) M) Mol
Hexane 20.28 2.66 8.39 1.69 2.03 —
Heptane 18.56 2.30 8.88 1.55 2.24 —
Cyclo-
hexane 20.83 2.82 8.13 1.74 2.42 —
Dioxan 1389 296 5.17 1.16 1.06 1.56
Aceto- 2326 2.73 9.38 1.94 2.21 —
nitrile

Solvent D10’ D°10° R'x 108
(em’St) (em’S) (A)
Hexane 6.31 266 8.39
Heptane 5.1 230 8.88
Cyclohexane 225 2.82 8.13
Dioxan 1.68 296 5.17
Acetonitrile 5.96 273 9.38

Molecule: 2,5-di-(5-tert-butyl-2-benzoxazolyl)thiophene
Quencher: Aniline
R(RY + RQ )y=17.41 A

dioxan (i.e. in the case of dioxane k, is 1.56 x 10! and
kq is 0.942 x 10'9). However, for remaining solvents the
values of k, cannot be determined because the values of
R' in these solvents are greater than the values of R for
BBOT + Aniline system. But according to Joshi et al.,
the bimolecular reactions of fluorescence quenching are
said to be diffusion limited if the values of k,
(determined from Eq. (6)) are greater than 47N'R'D.
Hence the values of 47N'R'D are calculated using the
experimentally determined values of R' and D of Eq. (14)
and are given in Table 3. We see from Table 3 that in
four solvents the values of k, are greater than 47N'R'D
(i.e. k> 4mwN'R'D), which is an expected result for
diffusion limited reaction?”.

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's-Einstein 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 in cyclohexane. (In the case of cyclohexane
the value of D from finite sink model is 2.82 x 103
cm?sec, whereas from the Stoke's-Einstein equation the
value of D is 2.25 X 10-5 cm?sec (given in Table 4) and
the value of R' from finite sink model is 8.13 A where
as from Edward's empirical formula value of R is 7.41
A). But from table 4 we see that such correlation fails in
the remaining solvents. In fact similar discrepancies
have also been observed by others’¢?* in some
bimolecular quenching reactions. This may be due to the
uncertainties in the values of the adjustable parameter 'a’
in the Stoke's-Einstein relation and the approximation in
the values of the atomic volume in the Edward's
empirical relation. Hence, we may conclude that finite
sink approximation model is valid in recovering the
parameters D and R'(or R).

Molecule: 2,5-di-(5-tert-butyl-2-benzoxazolyl)thiophene
Quencher: Aniline

R(Rv+Rq)=7.41 A

*Diffusion coefficients determined from Stoke's Einstein relation.
®Diffusion coefficients determined from Finite sink model.

CONCLUSION

From the foregoing discussion we observe that: (1) the
Stern-Volmer plots show positive deviation leading to
high values of k,; and are almost equal to the values
extracted from linear portion of the curve 1/1 versus [Q].
(2) Static quenching constant 'V', and kinetic distance 'r'
agree with the corresponding literature values and (3)
The value of k, is greater than kq in dioxan and the
values of k, are greater than 47N'R'D in the remaining
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 empirical and
Stoke-Einstean relations respectively. In view of the
above facts we may conclude that quenching reaction is
diffusion limited and both static and dynamic (transient)
quenching processes are partly playing a role in these
systems.
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