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ABSTRACT

Spectro-kinetic studies revealed the formation of charge-transfer (CT) complex of imipramine as an electron donor with =
acceptor 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in acetonitrile and dichloromethane solutions. The resulted CT
complexes exhibit spectra that were remarkably different from those of the donor and acceptor. The stoichiometry of the resulting
complex was found to be 1:1 by the method of Job’s continuous variation. The formation constants and thermodynamic parame-
ters of the resulting electron-donor-acceptor (DA) complexes were determined by Benesi-Hildebrand and van't Hoff equations,
respectively. The time-dependent spectrarecorded after mixing donor and acceptor has been related to an immediate formation of
DA complex, which is followed by two relatively slow consecutive reactions. The pseudo-first-order rate constants for the forma-
tion of the ionic intermediate and the final product have been evaluated at various temperatures by computer fitting of the
absorbance-time data to appropriate equations. The activation parameters, i.e. activation energy, enthalpy, and entropy of activa-
tion were computed from temperature dependence of the rate constants. The observed results afford evidence concerning the
critical role of solvent polarity on the kinetics and stability of the resulting charge transfer complexes. The ionization potential of

the donor in the two solvents was estimated and compared with the theoretical values.
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1. Introduction

Charge-transfer phenomena was introduced by Mulliken'?
and widely discussed by Foster to define a new type of adducts.
Molecular interactions between electron donors and acceptors
are generally associated with the formation of intensely coloured
charge-transfer complexes either in the visible or UV region.”*
These complexes are commonly found as intermediates in a
wide variety of reactions involving electron-rich species or
donors (D), such as nucleophiles and bases, and electron-
deficient acceptors (A).

Weiss proposed* that all molecular complexes have an essen-
tially ionic structure D*A”, and pointed out that a low ionization
potential for the donor D, and a high electron affinity for the
acceptor A, should then favour a stable complex. He attributed
the colour of molecular complexes to intense charge-resonance
spectra arising within the ions in the complex. Indeed, the ubig-
uitous CT absorptions are diagnostic of a very wide spectrum of
intermolecular electron donor-acceptor (DA) interactions arising
in extremely stable, isolable 1:1 complexes on one hand,’ to
highly transient complexes (with collisional lifetimes) at the
other extreme.’

Charge-transfer interactions are very important in the field of
drug-receptor binding mechanisms,” in solar energy storage *’
and in surface chemistry' as well as in many biological fields."
Charge-transfer complexes are known to take part in many
chemical reactions like, addition, substitution and condensa
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tion."*" Recently charge transfer complexes have been gaining
importance as potential high efficiency non-linear optical
materials." These complexes have been studied in organic
conductors and photoconductors.”"

Imipramine is commonly used to treat the depressive disorders
owing to its efficiency in elevating the mood of patients by inter-
fering to the re-uptake of norepinephrine or serotonin.” The
study of CT interaction of imipramine with different acceptors
can help to elucidate many chemical and biological phenomena
that imipramine participates in. Review of the literature reveals
that some spectroscopic and kinetic studies on the interaction of
different drugs with DDQ has been reported before,** but to the
best of our knowledge there is not a systematic study on the
activation parameters, stability and stoichiometry of the
imipramine complex with DDQ.

The objective of the present article is to study the kinetic, ther-
modynamic, and mechanism of the interaction of the electron
acceptor DDQ and imipramine in the solvents with different
polarities.

2. Experimental
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was
commercially available from Merck and used without any
further purification. Spectroscopic grade dichloromethane
(DCM) and acetonitrile (AN) were purchased from Merck and
used asreceived. Imipramine (antidepressant) was obtained asa
gift sample from locally available pharmaceutical company. The
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Figure 1 The structure of DDQ and imipramine.

structures of imipramine and DDQ are shown in Fig. 1. The
purity of the drug was verified by the measurement of its
melting point (174.5 °C).* Stock solutions of DDQ and imipra-
mine freshly prepared before each series of measurements by

dissolving precisely weighed amounts of the component in the
appropriate volume of solvent. Diluting appropriate volumes of
stock donor and DDQ solutions with pure solvent were used to
make working solutions for spectroscopic measurements.

The electronic absorption spectra of the studied CT complex
solutions were recorded using a Perkin-Elmer Lambda 45
spectrophotometer with a pair of matched quartz cells of 1.0 cm
path length. Rate measurements were performed on a Shimadzu
UV-265 spectrophotometer with a CPS-260 thermostat for
controlling temperature with precision of 0.1 °C. The molecular
orbital package, MOPAC 2000 version 6.0 (PM3 method) was
used for the theoretical calculation of the ionization potential of
the donor.

3. Results and Discussion

3.1. Electronic Spectral Studies

Imipramine as an electron donor interacts with DDQ as an
electron acceptor (A), to form a charge-transfer complex. Fig. 2
shows the UV-vis absorption spectra of mixtures of DDQ in
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Figure 2 (A) Electronic absortion spectra in the reaction of DDQ (2.5 x 10~*M) and imipramine (1.46 x 10 M) in acetonitrile at 25 °C. (1) DDQ alone,
(2) immediately after mixing and at time intervals (3) 1 min, (4) 10 min, (5) 30 min, (6) 40 min, (7) 48 min. (B) in dichloromethane (1) DDQ alone,
(2) immediately after mixing and at time intervals (3) 1 min, (4) 5 min, (5) 10 min, (6) 16 min, (7) 25 min, (8) 40 min.
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acetonitrile (AN) and dichloromethane (DCM) solutions with an
excess amount of imipramine (i.e. [imipramine]/[DDQ] = 58 to
attain pseudo-first-order conditions) as a function of time at
25°C. While none of the reactants show any considerable
absorption in the 450—-600 nm region, addition of imipramine to
DDQ results in strong absorptions in this spectral region,
presumably due to the occurrence of charge transfer during the
formation of corresponding molecular complexes. The resulting
spectra, after mixing of DDQ with imipramine, are characterized
by maximum absorptions at the wavelengths 588, 547, 465, and
350 nm. These spectral characteristics are highly correlated to the
spectra reported for DDQ radical anion ** due to the
inner-sphere character of the formed charge-transfer complex.
Examination of the literature *** shows that in many donor-
acceptor systems with DDQ as an acceptor, the formation of
DDQ anion radical is often noticed which are only obtained
through the formation of inner complexes from the initially
formed outer complexes. Mulliken® pointed out that a donor-
acceptor pair would either form the associative outer complex or
the dissociative inner complex depending on the distance of
approach between the donor and acceptor and the relative
magnitude of the no-bond and dative wave functions. It was also
suggested that the formation of the inner complex from the
outer complex should be strongly dependent on environmental
conditions. Early evidence for the transformation of outer
complexes to the inner ones in charge-transfer complex forma-
tion is the electrical conductance, which was explained™* on the
basis of the equilibrium between outer and inner complexes.

Obviously, the spectra recorded for the complexes between
DDQ and imipramine are time dependent. With elapse of time,
the mentioned spectral characteristics became more evident and
a new peak located at 340-360 nm appears. It should be
mentioned that, the spectral changesin the region of 340-360 nm
continue to increase very slowly till the end of the time of moni-
toring accompanied by decrease in absorbance at 450-600 nm.
The observed gradual decrease in the intensity of the charge-
transfer bands in the 450-600 nm spectral regions could be due
to the consumption of the ionic intermediates through an
irreversible chemical reaction,* while the continuous increase of
the 340-360 nm bands with elapse of time is indicative of the
formation of the final reaction product.

Mulliken described the new low energy absorptions observed
in solutions containing both a donor and an acceptor as charge-
transfer transitions.” This low energy charge-transfer transition
involves promotion of an electron residing in the highest occu-
pied molecular orbital (HOMO) of the donor to the lowest
unoccupied molecular orbital (LUMO) of the acceptor as shown
for hv .

The experimental observations seem to be in accord with the
mechanism illustrated below, as proposed before.****

K
D+A <= DA very fast 1)
DA—S,D" + A slow @)
D't + AT k2P slow 3)

According to the proposed mechanism, the first step involves a
fast equilibrium for the formation of a D.A complex between
imipramine (D) and DDQ (A), which is followed by two rela-
tively slow consecutive reactions.

The observed enhanced absorption band intensities, immedi-
ately after mixing D and A, supports the fact that the charge-
transfer complex formed is of the dative-type structure which
consequently converts to an ionic intermediate possessing the
spectral characteristics of DDQ radical ion.

3.2. Kinetic Study

In order to investigate the kinetics of production and con-
sumption of DDQ" radical anions (i.e. k, and k,), the absorbance
at 590 nm was monitored as a function of time in solutions con-
taining reactants at an imipramine-to-DDQ mole ratio of 20 at
various temperatures. The resulting absorbance-time plots for
the imipramine-DDQ system in both DCM and AN solutions at
different temperatures are shown in Fig. 3.

For the pair of consecutive reactions given in Egs. (2) and (3),
the concentrations of species involved as a function of time,
under the pseudo-first-order conditions, are given by Egs.

@-6):"

[D.A] =[D.A],e ™ 4
oty o1 _ [DAIOk] —kqt _ kot
[D*]=[A ]—71(2_kl (e e ) ®)
P1=[D.Aly + L2 e ke ©)
1~ ®2

where [D.A],, [D"*], [A"], and [P] are the initial concentration of
the D.A complex, the intermediate cation and anion radicals
concentrations, and the final product concentration, respec-
tively. ki and k; are the rate constants of the reactions (2) and (3),
respectively.

The absorbance of the reaction solution at time t is given by
Eq. (7)%

A, =epa[D.Al+e,. [A7]+e,[P] @)

where €pa, €a., and €p are the molar absorptivities of species
D.A, A" and product, respectively. Based on our observation, the
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Figure 3 Plots of absorbance versus time for a mixture of DDQ (2.4 x 10™*

M) and imipramine (4.8 x 10~ M) in (A) acetonitrile and (B) dichloro-
methane solutions at different temperatures.
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monitored absorbance at 590 nm decreases with elapse of time
and finally reaches very near to zero. So, the product P was set as
nonabsorbing species (er = 0).

The substitution of Eqs (4) and (5) in Eq. (7) and rearrange-
ments results in:

ekat _ kit
A =[D.Aly(ep e ™" + (kee,.- XW)) ®)
17K

The pseudo-first-order rate constants k, and k, at various
temperatures were then evaluated by fitting the corresponding
experimental absorbance-time data to Eq. (8) using a non-linear
least squares curve-fitting program KINFIT* The program is
based on the iterative adjustment of calculated to the observed
absorbance values by using either the Wentworth matrix tech-
nique* or the Powell procedure.” The adjustable parameters are
k, k, €, ,, and g,... The output of the KINFIT program comprises
the refined parameters, the sum of squares and the standard
deviation of the data. All the kinetic and thermodynamic data
have been repeated three times. A sample fit of the absorbance-
time data is shown in Fig. 4. A fair agreement between the
observed and calculated absorbances further supports the
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Figure 4 Measured and calculated absorbance as a function of time for
2.4 x 10" M of DDQ and 4.8 x 10~ M imipramine in dichloromethane at
20 °C. The nonlinear least-square fit according to Eq. (8) is shown as a
solid line.

occurrence of reactions between the imipramine and DDQ via
the two-step mechanism suggested.

All the values obtained for k; and k, at various temperatures
are summarized in Table 1. The activation parameter, E,, and
transition state parameters, AH” and AS”, were then calculated
by using the corresponding Arrhenius plots and the Eyring tran-
sition-state theory,® respectively; the results are given in Table 2.

The data given in Table 1 indicate that, in all cases studied, the
pseudo-first-order rate constants increase with increasing
temperature. It is also obvious that, the k, values in AN solution
are larger than those in DCM solution, while, an opposite
solvent effect is observed on the rate of the second steps of the
reactions, k,, the k, values in AN are smaller than those observed
in DCM solution. It should be noted that the observed solvent
effect on the k; and k, values is in support of the proposed
two-step mechanism. The resulting DDQ" radical ions from the
first step are expected to become more stabilized in AN as a
solvent of higher solvating ability and dielectric constant than
DCM.* Consequently, the rate of production of [A"] is expected
to increase in AN solution, while its consumption to the final
product should be decreased in this solvent. This behaviour has
been reported before.”

The E, and AH” values (Table 2) are in complete accordance
with the values of rate constants. The larger are these parameters,
the smaller are the rate constants. From Table 2 it is obvious that,
although the rate of the first step of the reaction is higher than
that of the second step in DCM, it is associated with higher
activation energy as it compared with the value of activation
energy for the second step. This may be explained in terms of
the compensatory effect of highly negative AS*, values on the
reaction rate. Thus, the less negative AS*, for the production of
DDQ" radical anions may result in the higher rate constants, as
it compared with the more negative AS*, for its consumption,
although from the observed trend in AH” values an opposite
behavior is expected.

For supporting of the formation of ionic species in solution, the
conductivity of the solution was measured before and after
addition of imipramine to DDQ. The increase in the conductivity

Table 1 Rate constants for charge-transfer complex formation between DDQ and imipramine at different temperatures (1 = 3).

Solvent Temperature/°C k, /min™ k, /min™

AN 10 6.40 X 1072 = 1.00 X 107 Too slow
15 1.03 x 107" = 1.00 x 107 Too slow
20 154 x 107" = 5.00 x 107 1.90 x 10° = 4.01 x 10™*
25 241 x 10" £ 9.00 x 107 7.80 x 10° + 4.01 x 10™
30 3.34 x 107 = 1.00 x 107 1.82 X 1072 = 4.01 x 10™*
35 4,51 X 10" = 8.00 x 107 3.16 X 102+ 3.00 X 10™*

DCM 10 450 x 102 = 1.20 x 1072 Too slow
15 9.60 X 1072 + 8.02 X 107 315 x 102 £ 3.10 X 107
20 1.48 x 107 = 8.10 x 107 3.61 X 1072 = 2.10 x 10
25 2.16 X 10" = 9.02 x 107 493 x 10% += 1.01 x 10?
30 337 x 10" £ 1.01 x 1072 570 x 102 = 1.00 x 107
35 447 x 107 = 1.70 x 107 7.44 X 107 = 2.20 x 107

Table 2 Transition state parameters and activation parameters for charge-transfer complex formation between DDQ and imipramine

o =3).
Solvent AH?, AH?, AS* AS*, Ea, Ea,

/K] mol™ /kJ mol™ /] mol-1 K™ /Jmol-1 K™ /K] mol™ /K] mol™
AN 543 1.1 140.1 = 13.7 -109.1 = 3.6 -162.3 = 33.8 555 + 8.1 140.1+ 284
DCM 62.4 + 3.0 29.6 = 1.6 -82.3 £10.2 -190.7 = 5.5 64.9 =+ 17.0 321 +53
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of DDQ solution after addition of imipramine indicates the
formation of ionic species in the solution. It was also found that
the formation of ionic species is dependent to the solvent polarity.
A higher value of conductivity of CT complex in AN with a
higher dielectric constant was obtained compared with that in
DCM with lower polarity.

3.3. Equilibrium Study

Job’s method of continuous variation,” which provided
symmetrical curves with maxima ata mole fraction of 0.5, in both
the solvents, confirms a 1:1 stoichiometric ratio (Fig. 5). The equi-
librium constants of the formation of imipramine-DDQ
charge-transfer complexes in the two solvents were determined
employing the absorbance at 590 nm. As seen in Fig. 6 during
the first few seconds after the addition of imipramine to DDQ
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Figure 5 Continuous variation plots for (a) DDQ-imipramine system in
acetonitrile and (b) in dichloromethane at 25 °C. A = 590 nm (n = 2).

solution, a rather sharp step-functional increase in the
absorbance at 590 nm was observed. This initial change in the
absorbance (AA) upon the mixing of imipramine and DDQ was
found to increase along with a rise in the concentration of
imipramine.

AA values at 590 nm were measured using constant acceptor
concentration (in a given solvent) and varying concentration of a
donor but always [D]>>[A]. The formation constants (K.;) and
molar extinction coefficients (€.;) of the charge-transfer com-
plexes were determined spectrophotometrically in different
temperatures using the Benesi-Hildebrand equation:*

A, 1 1 1

U - R T —
AA - Kerger [D] - gcr
where [D] and [A], are the initial molar concentration of the
donor and acceptor, respectively. The values of Kcr and ecr are
determined from the slope and intercept of the linear plot of
[A]J/AA against 1/[D]. A representative plot is shown in Fig. 7.
The linearity of the plots of the Benesi-Hildebrand equation
supports the stoichiometry of 1:1 of the charge-transfer
complexes elucidated by Job’s method.

The results given in Table 3 revealed that, the stability of the
resulting charger—transfer complexes increases with increasing
polarity of the solvent from DCM to AN. A similar solvent effect
on the stability and charge transition energies of different
charge-transfer complexes has been reported in the litera-
ture.”*%. It has been suggested that the observed trend in the
stability of the charge-transfer complexes could be due to the
high stabilization of the excited states in which the charge is
probably more separated than in the ground states.

The thermodynamic parameters, enthalpy change (AH’) and
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Figure 6 Absorbance-time changes upon addition of imipramine to the solution of DDQ (2.4 x 10 M) in dichloromethane solution at 10 °C. The

values on the curves denote the ratio of the donor to the acceptor (1 = 2).
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Figure 7 Benesi-Hildebrand plots for DDQ-imipramine system in dichloromethane at different temperatures (n = 3).
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Table 3 Charge-transfer complex formation constant and thermodynamic parameters evaluated from Benesi-Hildebrand

equation at different temperatures (1 = 3).

Solvent Temperature Ker €cr AH° AS°
/°C /kJ mol™ /] mol K
AN 10 12.7 £ 1.5 4452 + 995 -54.2 + 6.5 -170.4 = 37.6
20 56+ 1.2
25 4006
35 1.9=0.8
DCM 10 56 =08 3215 + 895 347 + 83 -108.1 = 24.9
15 43=+1.0
20 35+14
25 26*07

entropy change (AS’), associated with the CT complex formation
of DDQ with imipramine in the two studied solvents were deter-
mined from the computed K, values at different temperatures.
The obtained results revealed that the formed complexes are
better stabilized as the temperature is lowered. The observed
decrease in formation constant values with rise in temperature
indicates the exothermic nature of the interaction between DDQ
and imipramine molecule. The values of AH’ and AS" were
calculated from the slope and intercept of the linear von’t Hoff
plot, respectively and the obtained results are also given in
Table 3. These values show that the complexation is exothermic
and enthalpy driven with a negative entropic contribution. The
negative enthalpies show that the complex formation is sponta-
neous wile negative entropy indicates a decrease in the degree of
freedom of the components upon complexation.

3.4. Ionization Potential

Out of the many applications of charge-transfer complexes,
one important application is to calculate the ionization potential
of the donor. The ionization potential (I,) of the HOMO of the
donor has been estimated from charge-transfer energies of its
complexes with the acceptor making use of the empirical equa-
tions reported in the literature.”

Ip(eV) = 5.76 + 1.52 X107 v (cm™) (10)

whereV is the wave number corresponding to the charge-trans-
fer band of the charge-transfer complex which is 17301 and
16949 cm™ for charge-transfer complex formation in DCM
and AN, respectively. It has been reported that the ionization
potential of the electron donor may be correlated with the
charge-transfer transition energy of the complex.* The calcu-
lated I, values for molecular orbital participating in charge-
transfer interaction of the drug in AN and DCM are 8.34 and
8.39 eV, respectively. Moreover, MOPAC PM3 calculation of the
I, of imipramine resulted in 8.52 eV. In the present study, the
theoretical (MOPAC PM3 method) and experimental ionization
potential values are in relatively good agreement with each
other. This fact supports the interpretation that the low energy
band can be regarded as the charge-transfer band.

Further evidence for the nature of charge-transfer interaction
in the present system is the calculation of the dissociation energy
(W) of the charge-transfer excited state of the complex. In fact, it
is the electrostatic energy of the ion pair [D**, A"]. To the first
approximation, the separation between D and A in D.A complex
is inversely related to W.” The dissociation energies of the com-
plex were calculated from their charge-transfer energy, hv.,, the
ionization potential of the donor, IP and electron affinity, E,, of
the acceptor using the empirical relation® given in the following
equation:

hver = I, —Ea-W (11)

The calculated values of W are 2.96 and 2.97 eV in DCM and
AN, respectively. These W values suggest that the investigated
complex is stable under the studied conditions with high reso-
nance stabilization energy.*

4. Conclusions

Spectrophotometric studies revealed that the interaction of
imipramine and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone to
be proceed through the formation of a 1:1 CT-complexes. The
values of the obtained K, can be indicative of a transition
between the donor and the acceptor, such as the donor forms
radical cation and the acceptor forms radical anion. The equilib-
rium process of the CT formation is followed by an irreversible
kineticreaction. The permittivity of the medium affects the equi-
librium and kinetics of the DDQ-drug interaction. The system
was characterized by the formation of the DDQ" radicalion. The
mechanism of the interaction of the drug studied may be useful
in understanding the binding of drug molecule in real
pharmacokinetic study.
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