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Raman,  UV–vis, 1H  NMR, FT-IR,  mass  and  fluorescence  spectral  techniques  were  employed  to investigate
the  mechanism  of interaction  of irbesartan  (IRB)  drug  with  2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ)  and  iodine.  Interaction  of IRB  with  iodine  yields  triiodide  ion  and  its  formation  was confirmed  by
electronic  and  Raman  spectra.  The  peaks  appeared  in Raman  spectrum  of  the  isolated  product  at  143,  113
and 76  cm−1 are  assigned  to �as(I–I), �s(I–I) and  ı(I3

−) respectively,  confirmed  the  presence  of I3
− ion.  The
harge transfer
rbesartan
DQ

odine
luorescence
olvent effect

interaction  of  DDQ  with  irbesartan  was  found  to  proceed  through  the  formation  of  outer  complex  and
its conversion  to  the CT complex.  Formation  constant  (K),  molar  extinction  coefficient  (ε)  and  thermody-
namic  properties  �H#, �S# and  �G# were  determined  and  discussed.  Fluorescence  quenching  studies
indicated  that  the  interaction  between  the  IRB  and the acceptors  are  spontaneous  and  the  IRB–DDQ
interaction  is  found  to be  stronger  than  that  the  other  system.  Solvent  variation  studies  indicated  that
the  binding  constant  increased  with  an  increase  in  polarity  of the  medium.
. Introduction

Charge transfer (CT) phenomenon was introduced first by Mul-
iken [1,2] and discussed widely by Foster [3].  The CT complexes
riginated from interaction between electron donor and accep-
or molecules in bimolecular equilibrium or in model compounds
ith intramolecular interaction have been an important topic of

esearch in physical chemistry and biochemistry in last few decades
4–16]. Further CT interactions play an important role in biolog-
cal process such as photosynthesis, oxidative processes in living
ells, drug action, enzyme catalysis, ion transfer through lipophilic
embranes and act as intermediates in a wide variety of reactions

nvolving nucleophiles and electron deficient molecules [17,18].
lso the CT systems are being used in many area of material
cience such as in optochemical sensors in the design of optoelec-
ronic devices, in doping of organic semiconducting polymers etc.
19–24].

Iodine is an essential element that enables the thyroid gland
o produce thyroid hormones, which is the master gland of

etabolism. The study of interaction of iodine as electron acceptor
ith various types of donors such as drugs, amines, polyamines
tc. is of important and interesting area of research [16,25,26].
ikewise quinones are one of the well known important classes
f electron acceptors. The studies of quinones for their CT inter-
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action stem from their possible role in biological reactions [27].
Thus, the mechanism of interaction of iodine and a quinone with
drugs, in general, is a research topic of significant interest and
hence the present study. The objective, therefore, of the present
article is to study the spectral, thermodynamic and kinetic aspects
of the interaction of the electron acceptors DDQ and iodine with
irbesartan (IRB) drug with an aim to investigate the mechanism
of these interactions. In general, drugs are poly-functional organic
molecules and the present study aims at to investigate the actual
site of attack during the formation of charge transfer interactions.
Such a study would undeniably shed some light on the mechanism
of the drug action in real pharmacokinetic study. Irbesartan is a non
peptide compound and is chemically known as 2-butyl-3-[p-(o-1H-
tetrazol-5-ylphenyl)benzyl]-1,3-diazaspiro[4,4]non-1-en-4-one. It
is an antagonist II receptor (AT1) mainly used for the treatment of
hypertension [28].

2. Experimental

2.1. Materials and methodology

The electron acceptors DDQ (minimum assay 98%) and iodine
(minimum assay 99.9%) were obtained from Aldrich, India and were
used as received. Commercially available spectroscopic grade sol-

vents (Merck, India) were used without further purification. The
drug irbesartan was obtained as gift sample from locally available
pharmaceutical company and was used as received. The purity of
the drug was  checked by its melting point (observed 180 ◦C and

dx.doi.org/10.1016/j.saa.2011.05.022
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:drkpelango@rediffmail.com
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heoretical 180 ◦C), 1H NMR  and FT-IR spectra. The structure of the
rug is shown below.

Chemical structure of Irbesartan 

N

NN

N

N
O

N

H

Solutions for the spectroscopic measurements were prepared by
issolving accurately weighed amounts of donor (D) and acceptor
A) in the appropriate volume of solvent immediately before run-
ing the spectra. The electronic absorption spectra were recorded
n a JASCO (V 630, Japan) double beam spectrophotometer using

 cm matched quartz cells. The temperature of the cell holder
as controlled with a water flow (±0.2 ◦C). The steady state flu-

rescence spectra were obtained on a JASCO (FP 6200, Japan)
pectrofluorimeter. The excitation wavelength was 280 nm and the
mission was monitored at 365 nm.  The excitation, emission slit
idth (5 nm)  and the scan rate (250 nm)  was kept constant for all

f the experiments. FT-IR spectra were recorded in a JASCO (FT-
R 460 Plus, Japan) spectrometer. 1H NMR  spectra were recorded at

adurai Kamaraj University, Madurai in a Brucker NMR  spectrome-
er (300 MHz, Switzerland). The GC–MS spectra were obtained from
entral Salt and Marine Research Institute, Bhavanagar, India. The

aser Raman spectra were recorded at Indian Institute of Technol-
gy, Chennai in a Bruker (IFS 66V/FRA 106) FT Raman Spectrometer.
hermal studies (TGA/DSC) were carried out at the Central Electro-
hemical Research Institute, Karaikudi in a Perkin Elmer analyser
TGA 7 series, USA).

.2. Kinetic procedure

In both IRB–I2 and IRB–DDQ cases, the kinetics of the inter-
ction was followed at three different temperatures in various
olvents under pseudo-first-order condition, keeping [D]/[A] > 100
s described earlier [29]. The increase in absorbance of the new
eak around 400 nm in the case of DDQ and around 360 nm in the
ase of iodine (depending on the solvent) was followed as a function
f time. The pseudo-first-order rate constants (k1) were calculated
rom the gradients of log (A∞ – At) against time plots, where A∞ and
t represent the absorbance at infinity and time t, respectively. The
econd order rate constants were calculated by dividing k1 by [D].

. Results and discussion

.1. Stoichiometry of the interaction

The stoichiometry of the CT complex, in both the cases, was
etermined by applying Job’s continuous variation method [30].
he symmetrical curves with a maximum at 0.5 mole fraction indi-

ated the formation of a 1:1 (D:A) CT complex (Supplemental
nformation Fig. 1S).  The photometric titration measurements were
lso performed for the determination of the stoichiometry in these
nteractions. The results of the photometric titration studies (figure
ot shown) also indicated that the stoichiometry of the interaction,

n both the cases, is 1:1 (D:A) [31].
a Part A 79 (2011) 1621– 1629

3.2. Characterization of the CT complexes

In both IRB–I2 and IRB–DDQ cases, the CT complex was obtained
by allowing the reactants to react for 24 h under equal molar con-
ditions in a given solvent and subjected to MPLC separation. The
FT-IR spectra of the products were recorded and the peak assign-
ments for important peaks are given in (supplemental information
Table S1). The results indicated that the shifts in positions of some
of the peaks could be attributed to the symmetry and electronic
structure modifications in both donor and acceptor units in the
formed CT complex relative to the free molecules. Some of the sig-
nificant shifts are: the peak due to �(N–H) vibration of the free
irbesartan occurred at 3444 cm−1 and in DDQ and iodine com-
plexes it appeared at 3412 and 3434 cm−1, respectively indicating
the participation of the N–H moiety in the complexation process.
The �(C O), �(C N) and �(C–Cl) stretching vibrations in the DDQ
species appeared at 1679, 2226 and 799 cm−1, respectively. In the
CT-complexes these stretching vibrations occurred at 1628, 2224
and 758 cm−1, respectively. Such a bathochromic shift could be
indicative of an increase in the polarity of the carbonyl and chloro
groups of the DDQ molecule [15].

The 1H NMR  spectra of the donor and the IRB–DDQ complex
were recorded in DMSO d6 and are given in Fig. 1. Using the proton
NMR technique, we can identify the nature of interaction between
the donor and acceptor in the resulted complex. Pure IRB molecule
exhibited the characteristic tetrazole N–H peak at 16.28 ppm. In the
IRB–DDQ complex, it lies at 16.36 ppm indicating the involvement
of the N–H group in the CT complex formation with the accep-
tor. Though the observed shift is very marginal, the result along
with FT-IR results supports the conclusion. The aromatic protons
of the donor which lie in the range of 7.08–7.70 ppm showed no
significant variation in the complex indicating non participation of
the aromatic rings in the CT complex formation. In the donor the
CH moiety, which connects phenyl ring and nitrogen atom lies at
4.68 ppm and in the complex at 4.69 ppm [32,33]. The mass spec-
trum of the IRB–DDQ complex exhibited ionization peaks alone
corresponding to the donor and acceptor individually instead of a
peak for the combined one which revealed that there should be an
interaction of CT type between the donor and acceptor molecule
rather than a chemical reaction between them leading to a new
chemical species.

As a representative case, the TGA–DSC analysis of the IRB–I2
complex was carried out to ascertain the proposed formula. The
TGA curve (Fig. 2) indicated that the complex undergoes decom-
position in two  stages. The first stage corresponds to the loss of
triiodide ion in the temperature range 137–360 ◦C (DSC maximum
at 232 ◦C) with a weight loss of 48.26% (cal. 40.66%) and the sec-
ond stage corresponds to the loss of drug in the temperature range
360–590 ◦C (DSC maximum at 539 ◦C) with a weight loss of 50.14%
(cal. 59.33%). The thermal analysis confirmed the proposed formula
as [(IRB)I]+I3−.

3.3. Interaction of irbesartan with iodine

On mixing tert-butyl alcoholic solutions of IRB and iodine,
there was an instantaneous formation of lemon yellow colour
with absorption maxima centered at 360 nm in the UV–vis spec-
trum (Fig. 3). The absorption band at 360 nm is the blue-shifted
iodine band, which is characteristic of n-donor-iodine CT com-
plex [34]. The absorption band around 482 nm, which is attributed
to the �−�* electronic transition in free iodine, is hypsochromi-
cally shifted due to its complexation with the donor. The observed

hypsochromic shift in the free iodine band could be attributed to
the perturbation of the iodine molecular orbital �* by a repulsive
complex. Accordingly, a more repulsive interaction would lead to
a large blue shift of the iodine band. Therefore, it is reasonable
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143, 113, and 76 cm−1 corresponds to �as(I–I), �s(I–I), and ı(I3−),
respectively and these peaks are due to the presence of I3− ion
in irbesartan–iodine complex [16]. In the linear and symmet-
ric I3− species the Raman active symmetric stretch (�s) occurs

Table 1
Raman bands observed for the irbesartan–iodine complex.

Compound Assignments References

�as(I–I) �s(I–I) ı(I3
−)

Povidone 147 104 86 [16]
Polyiodides 130–155 100–120 75 [37]
Fig. 1. 1H NMR  spectrum of (a)

o consider that the extent of the blue shift in iodine band as a
easure of the magnitude of interaction between the donor and

odine molecules. The limiting value of this shift is at 360 nm,  which
s the characteristic absorption of the triiodide ion in solution.
arallel observations were made by several investigators in the
tudy of molecular complexes of iodine with 2-aminopyrimidine
14], antipyrine [35], 4-amino-2,6-dimethylpyrimidine, 4-amino-
chloro-2,6-dimethylpyrimidine [36], etc. Such an observed
ariation in the electronic spectrum of the mixture indicated the
nteraction between the donor and the acceptor. The intensity of the
and at 482 nm decreased while the intensity of the characteristic

3
− ion band (360 nm)  increased with elapse of time. Consequently,

he change in absorbance of the solution, at 360 nm,  was  measured
s a function of time. No attempt was made to measure the decrease
n intensity of the peak at 482 nm,  as it reached a constant value
uickly in majority of the solvents employed. A clear isosbestic
oint was observed at 442 nm (Fig. 3).

The observed time dependent electronic spectra of the sys-
em under investigation is due to a transformation of the initially
ormed outer complex into an inner complex followed by a fast

eaction of the resulting inner complex with iodine to form a triio-
ide ion, as depicted below [14,25,35].

rug + I2� Drug − I2(outercomplex) Fast (1)
DQ complex and (b) pure IRB.

Drug − I2� [Drug − I]+I−(innercomplex) Slow (2)

[Drug − I]+I− + I2� [Drug − I]+I3− Fast (3)

The formation of triiodide ion (I3−) was  confirmed by laser
Raman spectrum of the complex. Raman spectroscopy can give
valuable information on the nature and structural features of
polyiodide anions. A representative laser Raman spectrum is given
in Fig. 4. The results provided in Table 1 showed that the peaks at
TACTD 147 108 85 [38]
DBTODAOD 147 108 – [39]
Atenolol 153 102 85 [40]
Irbesartan 143 113 76 Present work
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Fig. 2. DSC–TGA cur

n the region of 100–120 cm−1, while the antisymmetric stretch
�as) in 130–155 cm−1 range. The bending (ı) deformation become
aman active, for asymmetric I3− ion, in the region of near 80 cm−1

26,29,37,38].  The observed Raman spectrum, in the present case,
onfirmed the formation of asymmetric triiodide ion as shown in
he scheme given above.

The pseudo-first-order rate constants, k1, were evaluated by
mploying the increase in absorbance of 360 nm band at different

emperatures and solvents. The pseudo-first-order rate constants
s a function of [D] and [A] are given in Table 2. The pseudo-
rst order rate constants for the formation of the product were

ig. 3. Absorption spectra of Irbesartan with Iodine in tert-butyl alcohol at 298 K.
the IRB–I2 complex.

independent of initial concentrations of iodine indicating first order
dependence in [I2]. The k1 values increased with an increase in [D]
and a plot of log k versus log [D] is linear (r 0.99) with a slope of unity
indicating unit order dependence in [D]. This was further supported
by the constancy of second order rate constants, k2.

The rate constants as a function of temperature and solvent
along with thermodynamic parameters for the IRB–I2 reaction are
collected in Table 3. The k1 values increased with an increase in

the relative permittivity of the medium. It is evident from the
plot of log k1 versus εr (supplemental information Fig. 2S)  that,
particularly in the case of IRB–I2 system, there is deviation from
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Fig. 4. Raman spectrum of the IRB–I2 complex.
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Table  2
Effect of concentration of donor and acceptor on the rate of the interaction at 298 K.

10−3 [D] (M)  10−5 [A] (M)  104 k1 (s−1) k2 (s−1 mol−1 dm3)

IRB–I2 (in tert-butyl alcohol at 360 nm)
0.50 1.25 10.6 2.1
0.75 1.25 16.1 2.1
1.00 1.25 21.2 2.1
1.25 1.25 26.5 2.2

1.25 1.00 28.3
1.25 0.75 28.5
1.25 0.50 29.0

IRB–DDQ (in tert-butyl alcohol at 351 nm)
1.00 1.25 1.2 0.1
1.50 1.25 1.8 0.1
2.00 1.25 2.3 0.1
2.50 1.25 2.9 0.1

2.50 1.00 2.6
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2.50 0.75 2.6
2.50 0.50 2.6

inearity especially at higher relative permittivity values. This may
e due to the fact that with an increase in polarity of the medium
olvent–solvent interaction becomes increasingly significant in
ddition to solute–solvent interactions. Thus, the only satisfactory
orrelation (r 0.933) in all likelihood may  be as a result of spe-
ific solute–solvent–solvent interactions. This solvent dependence
f k1 values suggested that there might be a formation of a more
olar transition state. Such a transition state is well supported
y the large negative entropies of activation. Further, negative
ntropy of activation indicates a greater degree of ordering in the
ransition state than in the initial state, due to an increase in solva-
ion during the activation process. There exists a linear correlation
supplemental information Fig. 3S,  r 0.960) between �H# and �S#

alues indicating the operation of a common mechanism in all the
olvents studied. A perusal of data in Table 3 indicated that a sol-
ent change from chloroform to tert-butyl alcohol caused ∼10-fold
ate acceleration for the reaction which corresponds to a decrease
n �G# of 5 kJ mol−1.

.4. Interaction of irbesartan with DDQ

The electronic absorption spectra of DDQ in the presence of
 large excess of the donor, i.e. [D]/[A] > 100 was obtained as a
unction of time in different solvents. The electronic absorption
pectra of the mixture of tert-butyl alcohol solutions of IRB and DDQ
howed a new band at 578 nm,  which is presumably be due to EDA
omplex between the donor and the acceptor (Fig. 5). The observed
radual decrease in the intensity of the band at 578 nm could be
ue to the consumption of the EDA complex, while the continuous

ncrease of the 351 nm band with elapse of time is indicative of
he formation of an ion-pair [39]. The observed enhanced absorp-
ion band intensities, immediately after mixing D and A, supports

he fact that the CT complex formed is of the dative-type structure
hich consequently converts to an ionic intermediate [15]. A clear

sosbestic point at 538 nm was also observed.

able 3
inetic and thermodynamic parameters for the reaction of iodine with irbesartan.

Solvent εr
a � (nm) 104 k1 (s−1) (H# -(S# (G#

298 K 305 K 313 K

Chloroform 4.90 360 2.4 2.9 3.3 14 268 93
1,2-Dichloroethane 10.36 364 5.6 5.9 6.4 5 290 91
tert-Butyl alcohol 12.47 361 20 26 29 17 240 88

H#, kJ mol−1; �S#, J K−1 mol−1; and �G#, kJ mol−1.
a εr , relative permittivity of the medium.
Fig. 5. Absorbance spectra for the Irbesartan with DDQ system in tert-butylalcohol
at  298 K.

In order to obtain further information about the kinetics and
mechanism of the interaction of DDQ with irbesartan, the increase
in absorbance at 351 nm was monitored as a function of time in dif-
ferent solvents under pseudo-first-order conditions keeping large
excess of [D] over [A]. The pseudo-first-order rate constant (k1) val-
ues for the formation of the CT complex as a function of [D] and [A]
are also collected in Table 3. It is evident from the results that the
rate is independent of initial concentration of DDQ indicating first
order dependence on [A]. The plot of log k1 versus log [D]  is lin-
ear with a slope of unity (r 0.99; slope 0.99) indicating unit order
dependence in [D]. This was further supported by the constancy in
k2 values [29].

As discussed earlier in the IRB–I2 system, the effect of solvent
on the reaction between the drug and DDQ was also investigated.
Hereto, increase in polarity of the solvent could enhance the contri-
bution of dative state and hence lead to a stronger charge transfer
[40]. The results of effect of solvent (Table 4) indicated that the
k1 values increased with an increase in the relative permittivity
of the medium. This may  be due to the fact that there is some
charge separation in the transformation of CT complex. Involve-
ment of such a polar transition state is well supported by the large
negative entropies of activation. Also the negative entropy of acti-
vation indicated a greater degree of ordering in the transition state
than in the initial state, due to an increase in solvation during the
activation process. The correlation between �H# and �S# values

was found to be linear (supplemental information Fig. 3S,  r 0.999)
indicating the operation of a common mechanism in the solvents
investigated.

Table 4
Kinetic and thermodynamic parameters for the reaction of DDQ with irbesartan.

Solvent εr
a � (nm) 104 k1 (s−1) �H# −�S# �G#

298 K 305 K 313 K

Chloroform 4.90 350 2.0 2.2 3.5 27 226 94
1,2-Dichloroethane 10.36 382 2.7 3.2 5.6 36 195 94
tert-Butyl alcohol 12.47 348 2.8 3.2 3.6 9 282 93

�H#, kJ mol−1; �S#, J K−1 mol−1; and �G#, kJ mol−1.
a εr , relative permittivity of the medium.
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Table 5
Spectral properties of the CT complexes formed between the irbesartan with DDQ
and  iodine in tert-butyl alcohol solvent at 298 K.

Property DDQ Iodine

�max (nm) 574 361
h�CT (eV) 2.16 3.43
1014 �max (s−1) 5.22 8.31
Formation constant, K (dm3 mol−1) 4244 1210
Extinction coefficient, log ε (dm3 mol−1 cm−1) 3.42 3.88
Oscillator strength, f 0.014 0.163
Dipole moment, � 1.28 3.46

interaction of the drug is listed in Table 5. Further evidence for
the nature of CT interaction in the present systems is the calcula-
tion of the dissociation energy (W)  of the charge-transfer excited
state of the complex. The dissociation energies of the complex were
626 K. Ganesh et al. / Spectrochimi

Based on the foregoing results and discussions the following
lausible mechanism for the interaction DDQ with irbesartan has
een proposed.

N
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EDA complex

Ion-pair

The above mechanism leads to the following rate law.

d[ion-pair]
dt

= k1 [EDA complex]

r

d[ion − pair]
dt

= k [DDQ] [Drug]

here k = k1K1
The above rate law is in agreement with the observed kinetic

esults, i.e. the rate of formation of the CT-complex is first each
ith respect to [DDQ] and [Drug].

.5. Characteristics of the CT complexes

In both IRB–I2 and IRB–DDQ systems, an attempt was  made to
haracterize the CT complexes formed in these reactions. For that
he absorbance of the new bands were measured using constant
cceptor concentration (in a given solvent) and varying concentra-
ions of the donor depending on the solvent, but always [D] � [A].
he formation constants (K) and molar extinction coefficients (ε) of
he CT complexes were determined spectrophotometrically using
he Scott equation [41]. A representative Scott plot is shown in
upplemental information Fig. 4S and the values of K and ε deter-

ined are given in Table 5. The observed high values of K suggested

hat the formed CT complexes are of a strong type [13] and the lin-
arity of the Scott plots further supports this result. The electronic
pectra of drug/acceptor systems were recorded with varying [D]
Ionization potential (eV) 8.40 8.13
Dissociation energy (eV) 4.30 1.62

and constant [A]. Representative spectra are shown in Figs. 6 and 7
for drug/iodine and drug/DDQ systems, respectively. The nature of
the spectra indicated that the interactions between the donor and
the acceptor are of CT type.

The values of oscillator strength (f), which is a measure of inte-
grated intensity of the CT-band and transition dipole moment
(�), were calculated as described elsewhere [42] and the val-
ues thus obtained are also given in Table 5. The values of f are
rather relatively large indicating a strong interaction between the
donor–acceptor pairs with relative high probabilities of CT transi-
tions [42–44].  Out of the many applications of CT complexes, one
important application is to calculate the ionization potential of the
donor. The ionization potential (Ip) of the highest filled molecular
orbital of the donor was estimated from CT energies of its com-
plexes with the acceptor making use of the empirical equations
reported by Aloisi and Pignataro [31,42].

Ip(eV) = 5.76 + 1.52 × 10−4�̄DDQ (cm−1) (9)

Ip(eV) = 2.90 + 1.89 × 10−4�̄Iodine (cm−1) (10)

The calculated Ip value for molecular orbital participating in CT
Fig. 6. Concentration variation spectra for the irbesartan – iodine system in tert-
butyl alcohol at 298 K [A] = 1.25 × 10−4 M;  [D]: (1) 0.50, (2) 0.75, (3) 1.00 and (4)
1.25  × 10−3 M.
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Fig. 8. Fluroscence spectra for IRB–DDQ system in dichloroethane at fixed

tem and r 0.994 for IRB–iodine system) indicating that under
the experimental conditions all the binding sites are equivalent
and independent. The value of Kf obtained, from the plots, for
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ig. 7. Concentration variation spectra for the irbesartan - DDQ system in tert-
utyl alcohol at 298 K [A] = 1.25 × 10−4 M;  [D]: (1) 1.00, (2) 1.50 (3) 2.00 and (4)
.50 × 10−3 M.

alculated as described earlier [43] and the calculated values of
 (Table 6) suggested that the investigated complex is reason-

bly strong and stable under the studied conditions with higher
esonance stabilization energy [13].

.6. Fluorescence quenching studies

The nature and magnitude of the interaction of drugs with
eceptors play an important role in the pharmacokinetics of the
rugs. CT interaction is one of the non covalent binding forces in
he drug–receptor mechanism. In the present study, an attempt
as made to study the CT interaction of IRB with DDQ and iodine by
eans of fluorescence study. Fluorescence spectra were recorded at

oom temperature in different solvents in the range of 300–700 nm
sing an excitation at 280 nm.  It was observed the fluorescence of

RB was quenched by both DDQ and iodine as a result of formation of
T complex. The experimental results indicated that the quenching
fficiency increased with increasing concentration of the electron
cceptors (Figs. 8 and 9), increasing time (Figs. 10 and 11)  and also
ith an increase in the relative permittivity of the medium. The

raction of acceptors bound to IRB (�) was determined by using the
ollowing equation.

 = F0 − F

F0
(11)
here F and F0 denote the fluorescence intensities of IRB in the
resence of acceptor and in the absence of acceptor, respectively.
rom the resulting values of �, the association constant Kf for
RB–DDQ and IRB–iodine systems was computed using the method

able 6
inding constants (KA) and number of binding sites (n) for IRB–DDQ and IRB–iodine
ystems in different solvents.

Solvent IRB–DDQ system IRB–iodine system

KA (mol−1 L) n KA (mol−1 L) n

Chloroform 9 × 105 1.4 0.1 × 103 0.7
Dichloroethane 45 × 105 1.5 5 × 103 1.0
tert-Butyl alcohol 55 × 105 1.6 115 × 103 1.2
concentration of [D] = {6.25 × 10−4 (curve D)} and variable concentration of
[A]  × 10−6 = {3.125 (curve a), 6.25 (curve b), 9.375 (curve c), 12.5 (curve d), 15.625
(curve e), 18.75(curve f), 21.875 (curve g)} mol  L−1 at 298 K.

described by Ward [45]. It has been shown that for equivalent and
independent binding sites:

1
(1 − �)Kf

= [AT ]
� − n [DT ]

(12)

where n is the number of binding sites, [AT] is the total accep-
tor concentration and [DT] is the total donor concentration. The
plot 1/(1−�) versus [AT]/� is linear (r 0.992 for IRB–DDQ sys-
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Fig. 9. Variation of fluorescence spectra of IRB–iodine system in tert-butyl alcohol
at  fixed concentration [D] = {3.125 × 10−4 (curve D)} and variable concentration of
[A]  × 10−6 = {3.125 (curve a), 6.25 (curve b), 9.375 (curve c), 12.5 (curve d), 15.625
(curve e), 18.75(curve f)} mol L−1 at 298 K.
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ig. 10. Variation of fluorescence spectra of IRB–DDQ system in tert-butyl alcohol
t  298 K.

RB–DDQ and IRB–iodine systems are found to be 5.9 × 104 and
.9 × 104 mol  L−1, respectively. The standard Gibbs energy change
G◦ was calculated from Kf using the relation �G◦ = −2.303 RT

og10 Kf. The �G◦ values for IRB–DDQ and IRB–iodine systems were
ound to be −27 and −25 kJ mol−1, respectively, indicating sponta-
eous interaction between the drug and the acceptors.

Fluorescence quenching can occur by different mechanisms viz.
tatic or dynamic or both. Stern–Volmer equation (Eq. (13)) is useful
n understanding the mechanism of fluorescence quenching.

F0

F
= 1 + KSV [Q] (13)
here F0 is the initial fluorescence intensity measured in the
bsence of quencher and F is the fluorescence intensity in the pres-
nce of quencher concentration [Q]. The Stern–Volmer constant
SV is obtained by plotting F0/F against [Q]. The Stern–Volmer plot
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ig. 11. Variation of fluorescence spectra of IRB–iodine system in tert-butyl alcohol
t 298 K.
Fig. 12. Stern–Volmer plot for the fluorescence quenching of IRB with DDQ in
dichloroethane at 298 K.

showed positive deviation for IRB–DDQ system (Fig. 12)  while lin-
ear in the case of IRB–iodine system (Fig. 13). In the case of IRB–DDQ
system, the positive deviation observed, at higher concentrations of
the quencher, may  be due to the simultaneous presence of dynamic
and static quenching mechanisms. In the case of IRB–iodine sys-
tem, the linear Stern–Volmer relationship observed indicated that
either static or dynamic quenching is dominant [46,47]. The red
shift (365–371 nm)  observed in the IRB–DDQ system, during the
quenching process, may  be due to the decrease in hydrophobicity
of the microenvironment of the binding region [48].

The relationship between the fluorescence quenching intensity
and the concentration of quenchers can be described by the follow-

ing equation.

log10
F0 − F

F
= log KA + n log10 [Q] (14)
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Fig. 13. Stern–Volmer plot for the fluorescence quenching of IRB with iodine in
tert-butyl alcohol at 298 K.
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here KA is the binding constant and n is the number of binding
ites per IRB [49]. In the present study, in both the case, a plot of
og10 (F0–F)/F versus log10 [Q] is linear (supplemental information
igs. 5S and 6S)  and the binding constant values computed are col-
ected in Table 6. The results indicated that, in both the systems,
he binding constant value increased with an increase in polarity
f the medium. This is due to the fact that increase in polarity of
he medium would stabilize the charge separation relatively bet-
er leading to stronger binding between the reactants. Also, the

agnitude of binding constant in IRB–DDQ system is higher than
hat in IRB–iodine system. These observations are in corrobora-
ion with the results of absorption spectral studies as enumerated
arlier in this paper. That is the formation constant (Table 5) and
issociation energy of IRB–DDQ system is higher than that for the
ther system. Also, the rate constant for the interaction, in both
he cases, increased with an increase in polarity of the medium
Tables 3 and 4). The value of n, for a given system, is nearly constant
n different solvents indicating the presence of equivalent binding
ites.

. Conclusions

Spectroscopic and spectrofluorimetric studies on the inter-
ction of iodine and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
ith irbesartan revealed that the interaction was found to proceed

hrough the formation of an outer complex and its conver-
ion to CT complex. Both the acceptors form a 1:1 CT complex
ith the donor and these complexes were found to be strong

s evidenced from its equilibrium and spectral parameters. The
rbesartan–I2 system was characterized by the formation of
riiodide ion, which was confirmed by Raman spectrum. The
ate of the reaction computed through absorption spectroscopic
echnique and the binding constant calculated using spectroflu-
rimetric studies were observed to increase with an increase in
he relative permittivity of the medium. The mechanisms of the
nteraction of the drug studied may  be useful in understand-
ng the binding of the drug molecule in real pharmacokinetic
tudy.
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