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Hydrogen bonded charge transfer complex (HBCT) between 2-aminopyridine (2AP) as electron donor,
hydrogen bond acceptor, with chloranilic acid (CHA) as the π-electron acceptor, hydrogen bond donor, has
been studied spectrophotometrically in the polar solvents acetonitrile (AN), methanol (MeOH) and ethanol
(EtOH). The stoichiometry of the complex has been identified by Job's and photometric titration methods to
be 1:1. The Benesi–Hildebrand equation has been applied to estimate the formation constant (KCT) and molar
extinction coefficient (ε). It was found that the value of KCT is larger in methanol than those in acetonitrile or
ethanol. The results were interpreted in terms of Kamlet–Taft α and β solvent parameters. Furthermore, the
data were analyzed in terms of standard free energy change (ΔG°), oscillator strength (f), dissociation energy
(W), transition dipole moment (μ) and ionization potential (IP). Also, the solid HBCT-complex was
synthesized and characterized by using elemental analysis and FTIR spectroscopy.
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1. Introduction

Proton or electron transfer complexes play an important role in the
field of magnetic, electrical conductivity and optical properties [1–5].
A great number of charge transfer receptors have been reported under
the basic construction strategy of employing hydrogen bonding [6–8].
Recent investigations have shown that hydrogen bonds could work as
efficient bridges to mediate electron transfer between bonded species
and initiate the so-called proton coupled electron transfer [9–12].

Generally, CT-interaction between benzoquinones electron accep-
tors and electron donors containing nitrogen, oxygen or sulfur atoms
has been reported over the last years.

These types of interactions play an important role in the field of
drug-receptors binding mechanism [13,14], surface chemistry [15],
applications in solar energy storage [16], uses as organic supercon-
ductors [17], and in many biological fields as antibacterial and
antifungal agents [18–20].

Aminopyridines are bioactive N-heterocyclic amines, which in-
crease the strength of the nerve signal by blocking of the voltage-
dependent K+ channel [21,22]. Also, aminopyridines have been
proposed as drugs for the treatment of many diseases such as
myocardial infarction as antithrombus agents and diarrhea as
antimicrobial agents [23–25]. In particular, 2-aminopyridine is one
of the potential impurities in piroxicam and teroxicamwhich are non-
steroided antiflammatory drugs that used in musculo-skeletal and
joint disorders [26]. Moreover, aminopyridines are commonly present
in synthetic and natural products [27]. They form repeated moiety in
many largemoleculeswith interesting photophysical, electrochemical
and catalytic applications [28].

In connection with our work on electron or proton transfer
complexes [29–34], and due to the biological and pharmaceutical
applications of aminopyridines, this article presents our results on
spectroscopic studies of the hydrogen bonded charge transfer
complex between 2-aminopyridine with chloranilic acid (Scheme 1)
in the different polar solvents acetonitrile, methanol and ethanol. The
molecular composition of the complex was studied using Job's and
photometric titration methods. The formation constant (KCT), molar
extinction coefficient (ε), standard free energy change (ΔG°),
oscillator strength (f), transition dipole moment (μ), ionization
potential (IP) and dissociation energy (W) of the formed HBCT-
complex were estimated and evaluated. In addition, the solid HBCT-
complex was isolated and characterized using elemental analyses and
infrared measurements.

2. Experimental

2.1. Physical measurements and chemicals

2.1.1. Electronic spectra
The electronic spectra were recorded in the region 700–250 nm

using UV–vis Shimadzu UV-1601 spectrophotometer connected to
Shimadzu TCC-ZUOA temperature controller unit (Japan).
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Scheme 1. Chemical structures of 2AP and CHA.
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Scheme 2. Formation of CHA radical anion.
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2.1.2. Infrared spectra
The infrared spectra were recorded as KBr disks on Bruker FTIR-

Tensor 37 Fourier transform infrared spectrophotometer (USA),
evacuated to avoid water and CO2 absorption.

2.1.3. Elemental analyses
C, H and N contents were determined with the Micro analyzer

Perkin Elmer 2400 (USA).

2.1.4. Chemicals
All chemicals used were of analytical grade. 2-aminopyridine was

supplied by Acros Organics, chloranilic acid was supplied by Fluka.
Acetonitrile, methanol and ethanol were purchased from PAI-ACS. KBr
was spectroscopic grade supplied by Aldrich.

2.2. Synthesis of the solid 1:1 HBCT-complex

The solid HBCT-complex (1:1) between 2AP and CHA was
prepared by mixing equimolar amounts of 2AP with CHA in
acetonitrile. The resulting complex solution was allowed to evaporate
slowly at room temperature where the complex was isolated as pink
crystals. The separated complex was filtered off, washed well with
acetonirile and dried over calcium chloride for 24 h. Anal. Calc. for
(2AP-CHA) C11H8N2Cl2O4 complex: C, 43.59%; H, 2.64%; N, 9.24%.
Found: C, 43.64%; H, 3.05%; N, 9.29%. MP. 207–209 °C.

3. Results and discussion

3.1. Electronic spectra

Fig. 1 shows the electronic absorption spectra of 2AP, CHA and
HBCT-complex in ethanol. While none of the reactants spectra
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Fig. 1. Electronic spectra: (A) 2×10−4 M (2AP), (B) 2×10−4 M (CHA) and
(C) [5×10−4 M (2AP)+5×10−4 M (CHA)] in ethanol.
displays any measurable absorption in the region 450–600 nm, the
resulting HBCT-complex shows strong absorption band centered at
519, 530 and 541 nm in AN, MeOH and EtOH, respectively. These
absorptions are associated with the strong change in color observed
upon mixing of the reactants (pink from colorless solutions in the
different polar solvents). These reflect the electronic transitions in the
formed HBCT-complex. It is important to report that the π-electronic
spectra were scanned against the same electronic acceptor concen-
tration to eliminate the possible overlap that may arise between
HBCT-complex and CHA bands. Moreover, it is worth mentioning that
the formed new long wave length absorption bands are attributed to
the formation of CHA radical anion resulting from complete transfer of
charge from 2AP to CHA (Scheme 2). The radical anion nature of
benzoquinones has been confirmed by electron spin-resonance
spectral measurements [35].

3.2. Effect of CHA concentration, reaction time and temperature on HBCT
complex formation

The effect of CHA concentration was studied by following the
absorbance of the HBCT-complex between varied amounts of
5×10−3 M CHA with 1 mL of 2×10−3 M 2AP in 10 mL calibrated
flasks and diluted to the mark with solvent. It has been found that
maximum constant absorbance of the HBCT-complex was obtained
with 1 mL of 5×10−3 M CHA. The higher concentration of CHA causes
negligible increase in absorbance. On the other hand, higher
concentration of CHA may be useful to facilitate completion of the
HBCT-complex that leads to minimize the required time for retaining
the maximum absorbance at the corresponding wavelength.

The effect of time on the HBCT-reaction was studied by following
the effect of time on the HBCT-complex produced by mixing
2×10−4 M from each of 2AN and CHA in the different solvents. It
has been found that the absorbance of the HBCT-complex reached
maximum and constant value instantly in the different solvents
confirming that the time has no effect on the complex absorbance. In
addition, the formed HBCT-complex was stable for 2 h (Table 1).

The effect of temperature was monitored by following the
absorbance of the HBCT-complex resulting by mixing 5×10−4 M
CHA with different concentrations of 2AP at different temperatures
(20–40 °C). It has been found that the formed HBCT-complex was
stable in the selected range at different 2AP concentrations as can be
understood from its constant absorbance at different temperatures
(Fig. 2). It seems that the extra stability of the formed complex through
hydrogen bonding is presumably attributed to its high stability in the
selected temperature range.
Table 1
Effect of time on the absorbance of 1:1 HBCT-complex.

Absorbance

Time AN MeOH EtOH

0 0.342 0.224 0.265
20 0.341 0.223 0.263
40 0.339 0.222 0.262
60 0.338 0.221 0.259
80 0.336 0.219 0.257
100 0.336 0.218 0.255
120 0.331 0.218 0.252
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Fig. 2. Effect of temperature on the absorbance of HBCT-complex at different
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Fig. 4. Photometric titration plots of HBCT-complex in different solvents.
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3.3. Stoichiometric ratio of the formed HBCT-complex

The composition of the formed HBCT-complex was determined by
applying Job's method of continuous variations [36] and photometric
titrations [37]. Fig. 3 represents the continuous variation plot where
maximum absorbance was recorded at 0.5 mol fraction indicating 1:1
HBCT-complex formation (2AP:CHA). Fig. 4 represents the photo-
metric titrations where two straight lines were produced intercepting
at 1:1 ratio (2AP: CHA). Accordingly, one can conclude from Figs. 3
and 4 that the HBCT-complex is formed based on a 1:1 stoichiometric
ratio (2AP: CHA).

3.4. Formation constant of HBCT-complex

Based on the electronic spectra of the HBCT-complex at various
2AP concentrations, KCT and ε were calculated using the modified
Benesi–Hildebrand equation [38]

C∘dC∘a= A = 1= KCTε + C∘d + C∘að Þ= ε ð1Þ

where C°d and C°a are the initial concentrations of the electron donor
and electron acceptor, respectively, and A is the absorbance of the
CT-band. It is worth to mention that the maximum added 2AP
concentration is approximately equal to the concentration of CHA and
the calculated equilibrium constants are subjected to significant
systematic errors due to the method used. Furthermore, the excess of
2AP concentration led to a decrease in the complex absorbance. This
situation could be interpreted based on the high interaction between
2AP (pKa=6.68) and solvents or the association of 2AP molecules
through hydrogen bonding. These produce high steric hindrance
leading to destabilizing the formed complex.

Plotting C°dC°a/A versus (C°d+C°a) for the formed HBCT-complex
in the different solvents, straight lines were obtained supporting our
AN
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Fig. 3. Job's plots of HBCT-complex in acetonitrile.
finding of the formation of 1:1 complex (Fig. 5). In the plots, the slope
and intercept equal 1/ε and 1/ε KCT, respectively. The solvent
parameters and the values of KCT, ε and λmax. are compiled in Table 2.

An important finding from Table 2 is the highest value of KCT in
methanol compared with those in acetonitrile or ethanol. This result
could be interpreted based on the high value of the hydrogen bond
donor parameter α of methanol, 0.98 [39]. This leads to solvation of
CHA through hydrogen bond formation between methanol OH and
the carbonyl groups of CHA. This increases the electronic accepting
ability of CHA and hence KCT increases. The small value of KCT in
acetonitrile could be explained in terms of its high value of the
polarizability parameter π⁎, 0.75 [39]. Consequently, acetonitrile
molecules can form a dimer through self association owing to strong
dipole–dipole interaction between these molecules leading to a small
effective dipole moment and synergistic behavior that decreases KCT.
It is also observed in Table 2, the smallest value of KCT in ethanol
which could be rationalized based on the similar values of the
hydrogen bond donor and acceptor parameters (α and β) 0.83 and
0.77 of ethanol [40]. Hence, ethanol molecules exhibit dual functions
through solvation of both CHA and 2AP by hydrogen bonding
interactions. The situation produces high steric hindrance leading to
the smallest value of KCT in ethanol.

3.5. Calculation of the oscillator strength and the transition dipole moment

The oscillator strength (f) is a dimensionless quantity which used
to express the transition probability of the CT-band [41] and the
transition dipole moment (μ) of the HBCT-complex [42]. The
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Fig. 5. Benesi–Hildebrand plots of 1:1 HBCT-complex in different solvents.



Table 2
Solvent parameters, Formation constant, molar extinction coefficient and wavelength
of 1:1 HBCT-complex in different solvents.

Solvent α β Π⁎ KCT×10−3 ε×10−3 λmax

L mol−1 L mol−1 cm−1 nm

AN 0.19 0.31 0.75 1.99 3.46 519
MeOH 0.98 0.62 0.6 3.17 2.03 530
EtOH 0.83 0.77 0.54 0.79 3.55 541
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Fig. 6. Beer's law curves of 1:1 HBCT-complex in different solvents.

Table 4
Quantitative parameters of 1:1 HBCT-complex in different solvents.

Parameter AN MeOH EtOH

Beer's law limits,
μg mL−1

1.88–94.12 1.88–94.12 1.88–94.12

Limit of detection,
μg mL−1

0.52 0.86 0.68

Limit of quantification,
μg mL−1

1.75 2.86 2.28

Regression equation Y⁎=0.0130X+ Y⁎=0.0108X− Y⁎=0.0099X+
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following expressions [43] are commonly used to calculate f and μ. The
results are compiled in Table 3.

f = 4:32 × 10−9 ε max:Δν1=2

h i
ð2Þ

μ = 0:0958 ε max:Δν1=2 =ν max:
h i1=2 ð3Þ

where Δν1/2 is the half band width of absorbance, εmax. and νmax. are
the molar extinction coefficient and wave number at the maximum
absorption of the complex, respectively.

3.6. Calculation of the standard free energy change and dissociation
energy

The standard free energy change of complexation (ΔG°) was
calculated from the formation constant (KCT) according to the
following equation [44]

ΔG∘ = −2:303RT log KCT ð4Þ

where ΔG° is the free energy change of the complex (kJ mol−1), R the
gas constant (8.314 J mol−1 K), T is the absolute temperature
(273+°C) and KCT is the formation constant of the HBCT-complex at
25 °C.

The dissociation energy (W) of the formed HBCT-complex was
calculated from the corresponding CT energy (ECT), ionization
potential of the donor (IP) and electron affinity of the acceptor (EA)
using the relationship [45]

ECT = IP–EA–W: ð5Þ

The energy of the π–π* interaction (ECT) is calculated using the
following equation [46]

ECT = 1243:667= λCTnm ð6Þ

whereas, λCT is the wavelength of the CT-band of the formed complex.
The ionization potential values of the donors are calculated by using
Eq. (7)

IP = a + b hνmax:ð Þ ð7Þ

where hνmax. is the π–π* transition energy in electron volts eV, a and b
are 5.11 and 0.701 [47], 4.39 and 0.857 [48] or 5.156 and 0.778 [49],
Table 3
Energy, ionization potential, dissociation energy, frees energy, oscillator strength and
transition dipole moment of 1:1 HBCT-complex in different solvents.

Solvent ECT (eV) IP (eV) W (eV) −ΔG° (K.J.mol−1) f μ (Debye)

AN 2.40 8.00 4.50 18.79 0.73 8.98
MeOH 2.34 7.94 4.50 19.95 0.47 7.28
EtOH 2.30 7.90 4.50 16.51 0.47 7.38
respectively, and the EA of CHA is 1.1 eV [45]. ECT, mean values of IP,
ΔG° and W are collected in Table 3.

It is evident from Table 3 that the formed HBCT-complex is
characterized by relatively high values of both the oscillator strength
and transition dipole moment. This confirms the charge transfer from
2AP to CHA to form the pink colored free radical anion of CHA.

The data in Table 3 clearly refer that the ionization potentials of the
formed HBCT-complex are the same in the different solvents,
confirming same overlapping molecular orbital between 2AP with
CHA. In addition, the IP has no effect on the stability of the formed
HBCT-complex.

The calculated values of the dissociation energy (W) of the HBCT-
complex in the different solvents are constant suggesting that the
investigated complex is reasonably strong and stable under the studied
conditions with high resonance stabilizing energy [50].

Furthermore, the negative values of the free energy change (ΔG°)
listed in Table 2 suggest the simultaneous production of the formed
HBCT-complex. Generally, the values of ΔG° given in Table 3 become
more negative as the value of KCT increases. As the bond between the
donor and acceptor becomes stronger and thus the components are
subjected to more physical strain or loss freedom, the values of ΔG°
become more negative.

3.7. Application of the studied HBCT-reaction

Based on the formation of colored HBCT-complex between 2AP
and CHA in the studied polar solvents, we propose in this section a
0.0079 0.0286 0.0199
Intercept, a 0.0079 −0.0286 0.0199
Slope, b 0.0130 0.0108 0.0099
Confidence interval
of intercept, α

0.0079±0.0011 −0.0286±
0.0015

0.0199±0.0015

Confidence interval
of slope, β

0.0130±7.4×10−5 0.0108±0.0001 0.0099±0.0001

Correlation
coefficient, R2

0.9997 0.9991 0.9989

⁎ Y is the absorbance and X is the concentration in μg mL−1.



Table 5
Precision and accuracy.

Solvent Amount taken μg mL−1 Amount found μg mL−1 Rec. % X SD RSD jX−μj ±
tSffiffiffi
n

p Confidence limits

AN 23.53 23.31 99.07 99.97 1.2275 1.2278 0.03 ±1.41 99.97±1.41
32.94 32.96 100.04
51.77 52.79 101.97
70.59 70.53 99.92
80.00 79.10 98.87

MeOH 14.12 14.46 102.44 100.31 3.56 3.55 0.31 ±4.42 100.31±4.42
32.94 31.84 96.66
42.35 40.76 96.25
70.59 72.36 102.51
80.00 82.95 103.69

EtOH 32.94 33.51 101.72 100.94 1.42 1.40 0.94 ±1.76 100.94±1.76
42.35 42.56 100.49
51.77 53.13 102.63
61.18 61.78 100.98
80.00 79.08 98.85

t=2.776 for n=5 at 95% confidence level.
SD = standard deviation.
RSD = relative standard deviation.
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simple, rapid and accurate spectrophotometric method for determi-
nation of 2AP. Under the optimum reaction conditions Beer's plots at
various 1:1 molar ratios between 2AP and CHA were constructed
(Fig. 6). The regression equation in the different solvents was
calculated by the least square method. In all cases Beer's law plots
were linear with very small intercepts and slopes and good
correlation coefficients in the general concentration range
2–94 μg ml−1 (Table 4). The limits of detection and quantification
were calculated according to the IUPAC definition [51]. The calculated
values were listed in Table 4. They recorded small values confirming
high accuracy of the method. It has been found also that the values of
the confidence intervals of intercept α, and slope β recorded small
values confirming excellent linearity between the absorbance and
concentration. The accuracy of the method was established by
performing analysis of solutions containing five different amounts
(within Beer's law limits) of 2AP and measuring the absorbance of
their HBCT-complexes with CHA in different solvents. The concen-
tration of 2AP was determined from the regression equation and then
calculated the recovery percentages, the standard deviation S, and
relative standard deviation RSD. The recovery percentage ranged from
99.71 to 100.94 with RSD ranging from 1.12 to 1.40 confirming high
accuracy and precision of the proposed method (Table 5).

Comparison of the difference between the mean and true value
(X−−μ) with the largest difference that could be expected as a result
of indeterminate error (±tS/√n) [52] has been carried out and the
results were collected in Table 5. It has been found that (X−−μ) were
less than±tS/√n indicating that no significant difference between the
mean and true value is existed.
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Fig. 7. FTIR spectrum of 1:1 HBCT-complex in the range 4000–400 cm−1.
3.8. Infrared spectra

The formation of 1:1 HBCT-complex between 2AP and CHA was
confirmed from a comparison of the infrared spectra of complex with
those of 2AP or CHA. The infrared spectrum of the HBCT-complex is
shown in Fig. 7 where the asymmetric and symmetric stretching
vibrations of the amino groupwereweakened and shifted to 3393 and
3208 cm−1 compared with 3444 and 3290 cm−1 for 2AP. This
confirms the formation of a hydrogen bonding between the amino
group of 2AP and the OH of CHA. It is worth tomention that chloranilic
acid is a dibasic acid (pK1=1.07 and pK2=2.24) [53,54], hence a
proton transfer hydrogen bonding is expected to occur between the
amino group and the more acidic OH of CHA. Returning to Fig. 7 one
can observe a weak band at 2850 cm−1 which can be interpreted as
due to ν (NH+) stretching vibration. Consequently, the formed charge
transfer complex is extra stabilized through bifurcated hydrogen
bonding as shown in Scheme 3. The formation of the HBCT-complex is
further confirmed from the shifts of its vibrational bands compared
with 2AP and CHA. The carbonyl stretching vibrational band ν(C_O)
is shifted to 1665 cm−1 compared with 1661 cm−1 for CHA, also
ν(C_C) for the complex is recorded at 1629 cm−1 compared with
1627 cm−1 for 2AP. The recorded band at 1544 cm−1 in Fig. 7 could
be assigned to in-plane bending δ(OH) overlapping with ν(C_N) of
2AP moiety that found at 1595 cm−1 for 2AP. In addition, ν(C\Cl)
Scheme 3. Structure of crystalline HBCT-complex.
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vibrational bands of the HBCT-complex were found at 838 and
761 cm−1 compared with 839 and 782 cm−1 for CHA. Furthermore,
the ring vibrational bands at 576, 555, 513 cm−1 were further
confirmed the formation of a bifurcated hydrogen bond in the HBCT-
complex (2AP-CHA) [55,56].

4. Conclusion

1- 2AP reacts instantly with CHA to form HBCT-complex in different
polar solvent.

2- Job's method of continuous variation and photometric titration
methods confirmed the formation of 1:1 HBCT-complex.

3- KCT of HBCT-complex in different polar solvents were estimated
where KCT recorded large value in methanol compared with
ethanol and acetonitrile.

4- The results were interpreted based on Kamlet–Taft solvent
parameters.

5- The solid HBCT-complex was isolated and characterized using
elemental analysis and infrared spectroscopy.

6- The formed HBCT-complex included bifurcated hydrogen bonded
proton transfer between OH of CHA and both the amino and ring
nitrogen of 2AP.

7- Based on the simple composition of the formed HBCT-complex and
its instantaneous production, a rapid and accurate spectrophoto-
metric method for analysis of 2AP was suggested.

8- Beer's law was obeyed in the concentration range 2–94 μg ml−1.
9- The recovery percentages ranged from 99.71 to 100.94 with

relative standard deviation ranged from 1.12 to 1.40 confirming
high accuracy and precision of the proposed method.
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