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Fluorescence quenching of benzimidazoles by chlorinated methanes
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fluorescence quenching of benzimidazole (BI), 2-methylbenzimidazole (MBI), 5, 6-dimethyl
benzimidazole (OMBI), l-ethyl-2-methyl:benzimidazole (EMBI), 2, 5, 6-trimethylbenzimidazole
(TM1H),2-phenylbenzimidazole (PBI) and l-ethyl-2-phenylbenzimidazole (EPBI) by CH2CI2, CHCI3 and
CCI4have been studied incyclohexane,methanol and acetonitlile and the valuesofkq have been determined.
Corr~lation oflog kqversus electron affinity(EA) of the quencher clearly indicates that deactivation of the
excitedstate of BI's by above quenchersproceedsthrough the formation of charge transler typecomplex.The
highvalueof kqin more polar acetonitrile as compared to that in non-polar cyclohexanecould be due to the
stability of charge transfer complexin acetonitrile as compared to that in cyclohexane.The static quenching
component can be described by the sphere of action model with a radius of 1nm for BI and TMBI. The
quenfhig efficienciesof CCI4 is nearly unity, 0.36 to 10-2 for CHCh and 10-3 to 10-2 for CH2CI2

respectively.

Micelles have often been used as mimicking agents for
biomembranes and different types of reactions have
been studied in micelles to understand similar
reactions Qccurring in biologically active systems! -4.
This is b¢cause different kind of molecules get
solu bilize~ and get bound at different positions of the
micelles, hlaving different environments. Molecules
in aqueou$ micelles get distributed in micellar and
aqwcous phases and the distribution depends upon
their bindihg constants to the micelles. The partition
coefficient$ can be determined from the changes
observed in either the absorption or fluorescence
spectra. Sdmetimes, it becomes very difficult to do so
because the changes observed in the spectral
characteristics are negligible, for example, the
absorption and fluorescence spt:ctra of
benzimidazoles5 -7 (BI's) in aqueous medium are not
different from those noticed in aqueous sodium
dodecyl sulphate (SDS) micelles8.9. Under these
circumstaqces, the preference fluorescence
quenching [method can be used to lind the amount of
solute present in anyone phase. The assumption!O
involved in this process of fluorescence quenching is
that the qu¢ncher molecules are soluble only in one of
the two ph,..sesand thus quenches the fluorescence of
the molecules present in that phase. The fluorescence
intensity of the fluorophore present in the other phase
is not affected by the quencher.

The present study deals with the fluorescence
quenching of benzimidazole (BI), 2-methylbenzimi
dazole (Mal), 5. 6-dimethylbenzimidazole (DMBI),

l-ethyl-2-methylbenzimidazole (EMBI), 2, 5., ~
trimethylbenzimidazole (TMBI) 2-phenylbenzlml
dazole (PBI) and l-ethyl-2-phenylbenzimidazole
(EPBI) by methylene chloride, chloroform, and
carbon tetrachloride. This is because our recent

study8.9 has indicated that the spectral characteristi~s
ofbenzimidazoles do not change very much both 10

band maxima and intensiity in SDS micelles. Thus the
partitioning of BI's in micellar solutions or
detemlination of binding constants to SDS micelles
poses a big problem. Since chlorinated methanes get
solubilized in the core of SDS micelles (or their
solubility in water is nearly negligible), the
fluorescence quenching by these molecules (specially
CHCl3 and CCI4) can be used to find the partitioning
of the HI's between aqueous and micellar phases and
thus the binding constants. We have used three
different kinds of solvents; cyclohexane, pure
non-polar (similar to core of SDS), acetonitrile
(polar but aprotic) and methanol (polar and protic).

Materials and Methods
BI, MBI, EMBI, DMBI, TMBI, PBI and EPBI

(Aldrich) were purified according to the procedure
mentioned in our earlier paper6. Analytical grade
cyclohexane (Sisco), acetonitrile (E. Merck) and
methanol (BDH) were further purified as suggested in
literature!!. Spectrograde CH2Ch, CHC13 and CCI4
were used as such.

Absorption spectra were recorded on Shimadzu
spectrophotometer 190 UV .. equipped with 135U
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Table I-Quenching rate constants (kq) by different quenchersin different solvents, excited singlet state energy (Eso)

and ionisation potentials of benzimidazolesCompound

EsoIPo kq (dm3mol-1s-1)
(eV)

(eV)
Cyc10hexane

Methanol

to

CH2C12CHChCCI4toCH2ChCHChCCI4
(ns)

x 10-7x 10-9X 10-9(ns)x 10-7x 10-9X 10-9

BI
4.368.55.7-1.510.24.330.461.214.8

MBI
4.338.24----3.740.462.516.2

EMBI
4.288.36a5.01.22.711.75.40.21.3912.0

DMBI
4.218.174.90:63.9610.16.60.172.011.0

TMBI
4.187.88a5.563.17.18.24.761.14.312.6

PBI
3.918.73a1.982.520.334.03.50.60.164.2

EPBI

3.878.63a2.02.00.464.73.840.40.183.3

Acetonitrile

to

CH2ChCHCI)CC4
(ns)

x 10-7x 10-9X 1O~9

BI

4.368.53.5-2.720.5

MBI

4.338.243.70.165.119.4

EMBI

4.288.36a4.260.453.917.0

DMBI

4.218.175.50.864.116.6

TMBI

4.187.88a5.121.66.613.9

PBI

3.918.73a2.00.550.39.5

EPBI

3.878.63a2.150.510.311.3

a = this work.

chart recorder. Fluorescence characteristics were

measured on scanning spectrofluorimeter,
fabricated in this laboratory (details are available
elsewhere)12. Fluorescence decay lifetimes of PBI,
EPBI and TMBI indifferent solvents at 300K were
detennined with the nanosecond single photon
counting spectrofluorimeter (model SP-70/80)
supplied by Applied Photophysics (APP) England,
using nitrogen in the flash lamp, whereas hydrogen
was used for molecules like HI, MBI, EMBI and
DMBI. The electronic processing equipment and
multichannel analyser were from Ortec and Norland
respectively. The software for deconvolution,
supplied by APP, was used for calculating the
fluorescence lifetimes. The computer system was
CPM based vector-3 model. In all the cases, the
fluorescence decay observed followed single
exponential decay giving good chi square values (1.0
± 0.2) and nice Dublin-Watson parameters. The
values of lifetimes are listed in Table 1. The

concentrations of the BI's used vary between
1-2 x 10- 5M, where as those of CHCh and CCl4
varied from 0.001 to O.4M. CHzClz is a very poor
quencher and thus very high concentration (9.2 M)

has to be used to get any meaningful fluorescence
quenching.

Results and Discussion

Absorption spectra
The absorption spectra of all the BI's in

cyclohexane, acetonitrile and methanol at various
concentrations ofCHCh and CCl4 do not change i.e.
the band shapes and full band width at half the
absorbance remain the same. This indicates that no
complex formation between benzimidazoles and
CHCl3 and CCl4 are occurring in the ground state.
Whereas in case of CHzClz, a small red shift in
absorption spectra ofBI's are noted. This is not due to
the ground state complex formation but because of
solvent effect as very high concentration (9.2M) of
CHzClz is used. Corrections have been applied to the
fluorescence intensities ofBI's in high concentration
of CH2Clz.

l'/uorescence spectru~

The fluorescence spectra of all the BI's in three
different solvents at various concentrations of
chlorinated methanes were recorded. It has been
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kg'to is the Stern-Volmer constant, kq is the second
order quenching rate constant and" is the lifetime of
the fluorophore in the absence of quencher. Similar
plots were observed [or other quenchers using
different fluorophores and different solvents. The
values of kq thus obtained are compiled in Table 1.

Of all the benzimidazoles used, BI has the highest
first singlet state energy and its absorption spectrum.
can interfere with that ofCC14. So this molecule was
selected to study the effect of excitation wavelength
on thle fluorescence quenching. Three different
excitation wavelengths (276, 280, 285 nm) were used
for all the quenchers in different solvents. It has been
found that the values of Ksv obtained in a given
solvent are not different from each other within

experimental errors, e.g. in acetonitrile as solvent and
CCl4 as quencher, the Aexc = 276 nm, Ksv = 111 M -1;
Aexc = 280 nm, Ksv = 110AI-I and Aexc = 285 nm, Ksv
"" liS M- 1. These results indicate that no distinct
complex formation between CCl4 and BI in the
ground state is observed and excitation energy has no
effect on the fluorescence quenching of these
fuorophores. As said earlier, this is also manifested
from the study of absorption spectrum of BI. But
these results are different from those of anthracene
and CCl4 where it has been shown that the photo
products are formed 13 ~ 15.

The fluorescence quenching of BI's by these
molecules can be represented by Scheme I.

where BI, Q and hv represent the fluorophore,
quencher and the light quantum. BI* and [BIQ]* are
the excited states of the fluorophore and encounter
complex between BI* and Q respectively., k's are
reaction rate constants, krand k( are rate constants for
the radiative and non-radiative processes. The
appare:nt quenching rate constant kq for the
collisional quenching process can be given by
kg = yk2, where y is the efficiency of the quenching
reaction, which is given by k' 2/(k3 + k' 2)' yapproaches
unityifk3 ~ k'2(quenchingprocessisveryfast)orit
approaches k'2Ik3, when every encounter between
BI* and Q does not result in quenching i.e. the value of
kg = k2 in the former case and k2k' 21k3 in the latter
case.

It is also clear from the absorption spectra ofBI's
and the quencher that the energy transfer from BJ*'s
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observed that the fluorescence intensity of the
fluorophol1e decreases with the increase in quencher
concentration, without appearance of ariy other new
fluorescen¢e band. The fluorescence band shape and
full width at half the maximum intensity did not
change. Further, the fluorescel)ce intensity., as well as,
the absorbance of any solution containing highest
concentration of quencher did not change when the
spectrum Was recorded after the experiment was
carried out once. This indicates that no detectable
photopro~uct is formed under our experimental
conditions,>This could be due to very small amount of
quencher (less than 0.4 M) used and duration time
used for e~citing the sample. Oichloromethane was
the exception since the concentration of quencher
used was 9.2 M. Even at such a high concentration of
CH2CI2, the results obtained were similar to those
observed ip case of CHCl3 and CCI4. Further, the
Stem- Volrmerplot for CH2Cl2 as a quencher, is linear
and thus ilhdicates that no ground state or contact
complex b~tween the fluorophore and CH2Cl2 is
fomled eVen at such a high concentration of
quencher. ,

The St~rn- Volmer plot of the fluorescence
quenching ofBI in cyclohexane by CCl4 is shown in
Fig. I. The plot is linear upto om AI concentration of
CCI4 and ppsitive deviation from Stern-Volmer plot
is observed if the concentration ofCCl4 is greater than
0.0 I M. Similar observations were also noticed for
TMBI and PBI ([CCI4] > 0.04 M). The simple
Stern- Volroer equation is

10/1= I + Ksv[O] = 1 + kg ,O[Q] ... (1)

where rand 10 are the fluorescence intensities of the
fiuorophore with and without the quencher Q, Ksv =

'I
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excited BI's and the halomethane molecules. Higher
singlet state energy of the quencher than the
fluorophore (i.e. non-classical energy transfer) and
negligible overlap of the donor fluoroscence spectra
andllcceptor absorption spectra further manifest the
formation of exciplexl8. Klein et al.14 developed a
model in which the formation rate constant of this
complex was considered as the rate determining step
in the excitation quenching process. The equation
derived is

In kqoo - (IPD- EAA -C- P- Es)/kbT ... (4)

where kq is the quenching rate constant, IPD is the
ionisation potential of the donor, EAA is the electron
affinity of the acceptor, C is the Coulomb energy, P is
the polarisation energy of the separated charges, Es is
the energy of the first excited singlet state of the
fluorophore and kb is the Boltzmann constant.

In order to verify the above mechanism, we have
adopted two procedures:

(i) We selected one fluorophore and varied the
quenchers. Under these conditions Eq. (4) reduces to
Eq. (5)

kqll..exp [(EAA + const)/kb T]

log kq = const + EAA/2.303 kbT ... (5)

Although we had only three quenchers, we had
plotted log kq versus EAA (Fig. 2). As expected a linear
relation has been observed for PBI and EPBI,
whereas curved plots are observed for all other BI's
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to the quencher is an endothermic process. This is
further manifested from the fact that kq is
independent of the wavelength of excitation. Thus in
these cases where the quencher possesses no low lying
excited singlet state, which can be populated by
dipole-dipole resonance transfer of energy from
excited BI*'s, tHe two molecules must approach one
another at least to distances where the mutual

interaction ofthe species is effective. This means that
the rate of first step should be controlled by the
diffusion process. Thus the maximum value of kq = k2

should be etJ.ualto kditT., determined by using modified
form of Stokes-Einstein relation16 (8RT/2000n, n is
the viscosity of the medium, R is a gas constant, Tin
Kelvin) as 1.47 x 1010, 2.7 X 1010 and 1.6 x 1010
dm3mol- 1s - 1 respectively in cydohexane, acetonit
rile and methanol.

The data of Table I clearly indicate that
fluorescence quenching rate constants for BI's by
CCl4 in all the solvents are nearly equal to kditT. i.e.
every collision between the excited BI ami CCl4 in all
the solvents, are effective in quenching the
fluorescence of BI, (PBI and EPBI are being
exception) whereas the quenching efficiency ofCHCI3
is only 0.1 ±0.03 and that of CH2Cl2 is two to three
order of magnitude less than the diffusion controlled.
The quenching efficiency of all the quenchers in all the
solvents for PBI and EPBI are less than that observed

for methyl substituted molecules. (y of CCl4 and
CHCh for PBI and EPBI are 0.38 and 0.44; 0.1 and 0.1
respectively). The quenching rates even in the case of
CH2Cl2 are considerably faster than can be accounted
for chemical quenching (for example, the rate
constant of quenching of alkyl radicals with CCl4
does not exceed IQ4-105M-IS-l, see ref. 17). Thus
the quenching is believed to proceed via an
intermediate donor-acceptor exciplex between the
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and curves are levelling ofT to a diffusion controlled
rate cOf}slant. A similar behaviour has also been

observed in the case of fluorescence quenching of

aromatic molecules by inorganic ions 19 - 22 as well as,
for aromatic amines by halomethanes23• The slopes
observed for PBI and EPBI are nearly similar and the
values observed in cyclohexane, methanol and
acetonitrile are 3.2 eY-', 3.7 eY-' and 4.2 eY-'

respectively. The linear correlation suggests that

other variables except EAA are practically constant.
The above results are consistent with the fact that the

values of the quenching rate constant are limited by
the electron affinity of the quencher so long as these
values are less than diffusion controlled limit. Once

the value of kq is equal to kdifT kq will be independent of
EAA. The values of'slopes so obtained in each solvent
are much less than the theoretical value [i.e. 1/(2.303
kh T) = 16.78 eY I at 298 K]. This, therefore, suggests

'I
I' III', '"'' '" lilt'" !'" III ·11 I'
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that though the direction of the rate constant
indicates charge transfer character in the complex,
such transfer is probably not a complete one-electron
transfer at the transition state or in the complex. Our
results are similar to those observed by Loutfy and
Somershe1l24, Encinas et al.15 and Goswami et al.23•

(ii) Equation (4) reduces to (6) if we choose different
fluorophores and one quencher.

In kq r:x [ - (IPb - Es - const)/kb T]

or

log kq = const + (Es - IPo)/2.303 kbT ... (6)

The signlet state energy of all the benzimidazoles
were calculated by taking the average of long
wavelength band maximum of absorption spectrum
and short wavelength band maximum of
fluororescence spectrum incyclohexane. This is
because in this solvent, the interactions between the
solvent and the fluorophore is minimum. These
values are compiled in Table I.

The ionisation potential data for all the
benzimidazoles are not available, except for BI, MBI
and OMBI (i.e. 8.50, 8.24 and 8.17 eV respectively)25.
With the limited data available, it is clear that we
cannot assume that IPs are constant for these

benzimidazoles. However in the absence of IPo.
values, log kq versus singlet state energy of the
fluorophores for CH~Cb, CHCI3 and CCI4 in all the
three solvents are plotted in Fig. 3. As regards
CCl4-induced fluorescence quenching is concerned
the kq values in all the solvents are nearly diffusion
controlled except for phenyl substituted
benzimidazoles, which are nearly half of kdiff. Thus it
is difficult to draw any definite conclusion. But no
linear correlation is observed between log kq and
singlet state energy for other quenchers in three
solvents. This is because the value of kq increases for
even those molecules whose singlet state energy is less
than that of BI.

Most of the main departures from correlation
between log kq and Es can be explained in terms of IPo
of the donors. For example, from limited data
available regarding IPo, it is apparent that IPo
decreases with increase in methyl groups on
benzimidazole moiety. We have tried to plot log kq

versus (lPo-Es) for three benzimidazoles (BI, MBI,
DMBI) for CHCI3, using methanol as solvent in Fig.
4. This quencher is selected because kq observed in
this case is neither too close to kdiff nor very small that
large concentration of quencher is required. Though
the number of compounds is smalL a reasonable
straight line is obtained. Assuming that a similar
dependence of kq will be observed for other

fluorophores, IPo-Es values have been determined
corresponding to log kq. Using Es, IPo for the four
benzimidazoles (EMBI, TMBI, PBI and EPBI) have
been determined and compiled in Table I. Using these
values ofIPo (so determined) and Es, log kq versus
(IPo-Es) have been plotted in Fig. 4 for CHCh and
CCl4 in other solvents. A reasonably good linear
correlation is noticed for each case. These plots
suggest that (1) IPo determined in this manner for
other BI's are not far from actual values and (ii) C and
P values are constant for these systems in each
solvent. The second point seems to be alright because
the structure of the fluorophores are similar to each
other and they are only distinguished by the presence
of methyl or phenyl groups. The conclusion (I) also
seems to be alright considering the following points.
(a) The data of Table I show that IPo decreases with
increase in methyl groups and increases with the
presence of phenyl groups on the BI. This could be
because the methyl groups are electron donating and
will increase the charge density on the BI moiety, thus
decreasing the IPo, whereas phenyl group acts as an
electron withdrawing and thus increases the IPo.
Similar results have also been observed in other alkyl
substituted aromatic compounds26. (b) Further the
pKa values5•6 for the protonation reaction of alkyl
and aryl substituted Bl's also substantiate the fact
that the charge density on the tertiary nitrogen atom
increases with methyl substituents and decreases with
aryl substituents.

In general, it has been found that the efficiency of
the quencher increases with the increase in polarity of
the solvent if the charge transfer complex is foimed as
an intermediate27 - 30. This has been explained by the
fact that eQcounter complex (AQ)* leads to the
fonnationof freeions(A+ + Q-* or A +* + Q-) in polar
solvents and to (A +----Q-* or A +*----Q-*) in
nonpolar solvents. In medium polar solvents, the two
rate constants compete with each other. The results
are consistent with the above explanation that the
efficiency of formation of free ions or ion pairs are
more in acetonitrile than in cyclohexane or methanol.
Nearly similar results observed in methanol and
cyclohexane (even though the former is nearly as
polar as acetonitrile) suggests that the presence of
hydrogen bonding between the fluorophore and
solvent molecule may hinder the transfer of charge
from fluorophore to quencher. The above results thus
suggest that the quencher has an affinity for electrons.
The electrons can be donated either by the n-cloud of
aromatic ring or by the lone pair of the tertiary
nitrogen atom. The latter seems to be more plausible.
This is because protonation is the extreme step in
hydrogen bonding. The pKa value for the protonation
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where Wi is a constant, from which the radius of active
sphere 'R' can be calculated, using the following
relation

Fluorescence quenching at high CCl4 concentration
Departure from linearity observed in the

Stern-Volmer plot (Fig. 1) at high concentration of
CCl4 in c$e of BI and TMBI and PBI can be explained
with the ,help of static quenching. There are two
mechaniSms.

Usingtthe values ofKsv, determined from the linear
portion of Stern-Volmer plot and taking different
values ofW, Stern-Volmer curves are generated as a
function ,of [CCI4]. It has been found that the radius of
sphere of action for quenching by CC4 are 1 nm, 1 nm
aild 0.6 ~m for the fluorophores BI, TMBI and PBI
respectively. These radii are larger for BI and TMBI
than the \Talueof 0.5 to 0.6 nm, which can be estimated

..
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