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Abstract 
A charge transfer hydrogen bonded complex between the electron donor 
(proton acceptor) 2-amino-4,6-dimethylpyridine with the electron acceptor 
(proton donor) chloranilic acid has been synthesized and studied experimen-
tally and theoretically. The stability constant recorded high values indicating 
the high stability of the formed complex. In chloroform, ethanol, methanol 
and acetonitrile were found the stoichiometric ratio 1:1. The solid complex 
was prepared and characterized by different spectroscopy techniques. FTIR, 
1H and 13C NMR studies supported the presence of proton and charge trans-
fers in the formed complex. Complemented with experimental results, mole-
cular modelling using the density functional theory (DFT) calculations was 
carried out in the gas, chloroform and methanol phases where the existence 
of charge and hydrogen transfers. Finally, a good consistency between expe-
rimental and theoretical calculations was found confirming that the applied 
basis set is the suitable one for the system under investigation. 
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1. Introduction 

The charge transfer is an interaction between the electronic donors (low ioniza-
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tion potential) and the electronic receptors (high electronic affinity), resulting in 
a complex formation in solution and shows the absorption bands in the visible 
region of electromagnetic radiations [1] [2]. 

Pauling suggested that charge transfer interaction (CT) is possible when there 
is a hydrogen bonding between two molecules. H-bonds can occur intermolecu-
larly as well as intramolecularly and can exist in a non-polar environment. 
Therefore, H-bonds are especially important in macromolecular and biological 
structures, such as proteins, and nucleic acids, where they are responsible for the 
structure of DNA molecules [3]-[9]. Zhao et al. confirmed that the hydro-
gen-bonding dynamics in electronically excited states plays a leading role in 
various phenomena, such as photoinduced electron transfer and fluorescence 
[10] [11] [12].  

Aminopyridine a heterogeneous aromatic ring plays an important role in the 
production of medical drugs and in natural and industrial pigments and plastics 
[13], also in the preparation of solutions regulating the measurement of pH of 
seawater [14], used in technology as optical inhibitors [15], in the preparation of 
known polymers [16], in the biological properties of sugars [17] and as inhibi-
tors in biological systems [18]. 

Because of the importance of the aminopyridine derivatives, the aim of this 
work is to develop new hydrogen-linked compounds that bind the pyridine de-
rivative 2-amino-4,6-dimethylpyridine as an electron donor with chloranilic acid 
as an electron acceptor in solution and in solid states. The formed complexes 
study uses various physicochemical techniques such as elemental analysis, 
UV-vis, 1H, 13C NMR and FT-IR spectra. In order to confirm the experimental 
results, a theoretical computations using the density functional theory (DFT) at 
the basis set B3LYP/6-31 G(d,p) will be carried out to study the ground-state 
properties as optimization the structure, geometrical parameters, reactivity pa-
rameters, Fukui functions and molecular electrostatic potential maps (MEP). 
The origin of electronic spectra and the composition of the frontier molecular 
orbitals will be studied using TD-DFT through the continuum polarizable solva-
tion model PCM. The consistency between the measured and calculated results 
is an important aim of this work. 

2. Experimental 

Powdered 2-amino-4,6-dimethylpyridine (2-ADMeP) (purity ≥ 98%) was ob-
tained from Aldrich; chloranil acid (CLA) (purity ≥ 98%) was obtained from Al-
fa Aesar and chloroform, ethanol, methanol and acetonitrile from Fisher were 
used without further purification. Standard stock solutions of 2-ADMeP (6.0 × 
10−4 mol·L−1 in CHL), (1.0 × 10−3 mol·L−1 in MeOH and EtOH), and (4.0 × 10−4 
mol·L−1 in AN) with (6.0 × 10−4 mol·L−1 CLA in CHL), (1.0 × 10−3 mol·L−1 CLA in 
MeOH and EtOH), and (4.0 × 10−4 mol·L−1 CLA in AN) were immediately pre-
pared before each series of measurements by dissolving an appropriate amount 
in 50 mL of solvent. All solutions were stored in a dark place for at least one 
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week. The electronic absorption spectra of the donor, acceptor and the formed 
complex were measured over the wavelength range 300 to 700 nm using a Shi-
madzu UV-1800 spectrometer (Japan) connected to a Shimadzu TCC-ZUOA 
temperature controller unit. The infrared spectra (KBr disks) in the range of 
4000 to 400 cm−1 for the solid HBCT complex were recorded on Perkin-Elmer 
Frontier spectrometer (USA). The elemental analysis (CHN) was carried out us-
ing a Perkin-Elmer 2400 micro Analyzer (USA). The solid [2-ADMeP-CLA] 
HBCT complex was synthesized by adding 2-ADMeP, (0.2 mmol in10 mL of 
methanol solution) to CLA (0.2 mmol in 10 mL of methanol solution). The 
mixed solution was allowed to evaporate at room temperature and the formed 
dark pink crystals were collected, washed well with methanol and dried over 
anhydrous calcium chloride in a desiccator. Analytical calculations for the 
[2-ADMeP-CLA] complex: molecular formula: C13H12N2O4Cl2 (M/w: 331.155 
g/mol), C, 47.15%; H, 3.65%; N, 8.46%. Found: C, 47.01%; H, 3.88%; N, 8.91%. 
MP: 307˚C - 309˚C. 

Computational Methods 

All DFT calculations were performed using the Gaussian 09 program [19] using 
the density functional theory with Becke’s three parameter exchange functional 
[20], the Lee-Yang-Parr correlation functional (B3LYP) and the split-valence 
double zeta basis set with two polarized basis functions (d and p), (DFT/B3LYP) 
at the 6-31 G(d,p) [21]. The addition of these polarization functions was very 
important for improving the presentation of the molecular electron density. 
During geometry optimizations, every bond length, bond angle and dihedral an-
gle could relax free of constraints. Many properties could be calculated using the 
DFT theory such as optimization energy, geometrical parameters, molecular 
electrostatic potential maps (MEP), reactivity parameters and HOMO, LUMO 
energies. TD-DFT calculations were carried out at the same level of theory 
(B3LYP/6-31 G(d,p)) to explain the origin of electronic spectra, using polariza-
ble continuum solvation method PCM, PCM-TD-DFT. In PCM, the solute part 
lies inside the cavity, whereas the solvent part (chloroform) was represented as a 
structureless material. In the PCM method, the solvent was also characterized by 
its dielectric constant and other macroscopic parameters. GaussView5.1 and 
Chemcraft programs have been used to extract the calculation results, and vi-
sualize the optimized structures, the frontier molecular orbitals (FMOs) and 
molecular electrostatic potential (MEP) maps. 

3. Results and Discussion 
3.1. Observation of the Charge Transfer Band 

A dark purple colour formed when adding the e-donor (H-acceptor) 2-amino- 
4,6-dimethylpyridine (2-ADMeP) to the e-acceptor (H-donor) chloranilic acid 
(CLA) in the investigated solvents, acetonitrile (AN), methanol (MeOH), etha-
nol (EtOH) and as well as chloroform (CHL), were used as a non-polar solvent, 
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confirming the formation of stable charge transfer complex between the e-donor 
(2-ADMeP) and the e-acceptor (CLA). A comparative study UV-Vis spectrum 
between the reactants and the formed complex was estimated using the same 
concentration of CLA as a reference to prevent absorption overlap of the 
e-acceptor (CLA) with the absorption of the formed complex. Figure 1 shows 
the electronic absorption spectrum of CLA, 2-ADMeP and a mixture of CLA + 
2-ADMeP in CHL, EtOH, MeOH and AN at the region 250 - 700 nm. New ab-
sorption bands are found at 535.5, 530.5, 529.5 and 519.0 nm in CHL, EtOH, 
MeOH and AN, respectively. This attributed to the n-π* transition, which pro-
vides assurance over the complex formation. It is worthy to mention that the 
reactants do not show any absorption in the region of study, which confirms the 
production of a new compound with absorption maxima over 500 nm. Mean-
while, the donor and acceptor do not influence on the spectral characteristics of 
the formed complex and this means neither appear absorption maximum of the 
donor alone and acceptor alone in this range (500.0 - 550.0 nm), which assert the 
complex formation. One observes in (Figure 1) a red shift on moving from ace-
tonitrile to chloroform, confirming the sensitivity of the formed complex to the 
investigated solvents polarity. 

In order to study the stability of the formed complex the effect of time, tem-
perature and e-donor concentration were investigated. In the effect of time, the 
absorbance was recorded for a mixture of 2-ADMeP and CLA at different times. 
It has been found that the absorbance was constant within 2 hours, indicating 
that no side chemical reaction occurs. Also, the effect of temperature on the sta-
bility of the formed complex was measured by following the absorbance of 
2-ADMeP-CLA complex between of 2-ADMeP with CLA at different tempera-
tures (20˚C, 25˚C, 30˚C, 35˚C and 40˚C). Figure 2 appears that the absorbance 
values of the complex formed were nearly constant (slight decrease) with tem-
perature change in the various solvents, the absorption of 2-ADMeP-CLA com-
plex increases with increasing 2-ADMeP concentration as mentioned in effect of 
donor concentration. Hence, from (Figure 2) room temperature the optimum 
temperature degree to form the charge transfer reaction. 

3.2. Stoichiometry of the Formed HBCT Complex 

The molecular composition of the formed complex (2-ADMeP-CLA) in the in-
vestigated solvents was estimated using the conventional method of continuous 
variations by Job’s method [22] and photometric titration method [23]. Figure 3 
represents the continuous variation plot where the maximum absorbance was 
recorded at 0.5-mole fraction indicating the formation of a 1:1 CT complex. 
Figure 4 represents the photometric titration plot where two straight lines were 
produced intercepting at a 1:1 ratio in the system [2-ADMeP-CLA]. The same 
molecular composition was obtained in all investigated solvents, meaning that 
the solvent has no effect on the complex composition. The constant molecular 
composition in all solvents means also, that the same HOMO of donor interacts 
with same LUMO of acceptor in all investigated media. 
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Figure 1. Observation of the CT band from electronic spectra of the reactants and the formed 
2-ADMeP-CLA complex in the studied solvents. 

 

 

Figure 2. Effect of temperature on the 2-ADMeP-CLA complex in CHL. 
 

 

Figure 3. Job’s method of continues variations of the formed 
complex 2-ADMeP-CLA in studied solvents. 

Mole fraction of CLA

0.0 0.2 0.4 0.6 0.8 1.0

A
bs

0.0

0.2

0.4

0.6

0.8

2-ADMeP-CLA in CHL
2-ADMeP-CLA in EtOH
2-ADMeP-CLA in MeOH
2-ADMeP-CLA in AN

https://doi.org/10.4236/ojpc.2020.101001


K. M. Al-Ahmary et al. 
 

 

DOI: 10.4236/ojpc.2020.101001 6 Open Journal of Physical Chemistry 
 

 

Figure 4. Photometric titration method for the formed complex 2-ADMeP-CLA 
in studied solvents. 

3.3. Formation Constant of the Formed Complex 

Figure 5 shows the effect of increasing the concentration of e-donor in the pres-
ence of a constant concentration of e-acceptor in CHL. It has been found that in-
creasing the e-donor concentration increases the complex absorbance, confirming 
the formation of a stable complex. The method of “minimum-maximum absor-
bance” was proposed for the calculation of the formation constant of the formed 
2-ADMeP-CLA complex in all used solvents by using Equation (1), and the mo-
lar extinction coefficient calculated using Equation (2) [24] [25]: 

( )
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2-ADMeP max comp

 
A A
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−
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                  (1) 
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2-ADMeP

A
C

ε =                         (2) 

where: KCT: is the complex formation constant (L·mol−1), maxε : is the molar ex-
tinction (L·mol−1·cm−1), Amax: is maximum absorbance of the formed complex, 
Amin: is minimum absorbance of the formed complex, Acomp: is the complex ab-
sorption values between Amax and Amin, and C2-ADMeP: is the concentration of 
2-ADMeP added (mol·L−1).  

The results of the formation constants of 2-ADMeP-CLA complex in the stu-
died solvents (average of the formation constants) are provided in Table 1. The 
results showed high values of the formation constants (KCT) and molar extinc-
tion coefficient (ε) of 2-ADMeP-CLA complex, which confirms the high stability 
of the formed complex in all used solvents. The stability of the formed complex 
in all used solvents can be illustrated by the existence of two methyl groups in 
position 4 and 6 of the pyridinic ring, where the electronic donating character of 
methyl groups increases the electron density on the pyridinic nitrogen atom. On 
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the other hand, the increasing of the electron density on the pyridinic nitrogen 
atom facilitates the formation of proton transfer hydrogen bonding between the 
H-donor CLA (OH) and the H-acceptor 2-ADMeP (ring nitrogen). This hydro-
gen bonding asserts to the stability of the formed complex. 

From Table 1, one can observe the influence of the solvent type on the com-
plex formed stability where the highest value of the formation constant of 
2-ADMeP-CLA complex in acetonitrile equals to (8.73 × 10−3 L·mol−1). This can 
be attributed that AN is the highest polar solvent, and as well do not overlap in a 
hydrogen bond with the donor or acceptor, which increases the formation of the 
complex between 2-ADMeP with CLA. On the other hand, the least value of the 
formation constant of the complex (KCT) in methanol (2.70 × 10−3 L·mol−1) can 
be assigned to the overlap of MeOH (H-donor) in a hydrogen bond with the ni-
trogen atom of 2-ADMeP (H-acceptor). In the case of the non-polar solvent 
CHL, the formation constant of 2-ADMeP-CLA complex has a lower value than 
that of acetonitrile and higher than of methanol and ethanol (6.68 × 10−3 
L·mol−1). These results may be due to using 10.0% AN in the preparation of the 
e-acceptor (CLA) and indicate that the non-polar solvent is suitable for the sta-
bility of the formed complex. 

3.4. Spectroscopic Physical Data for HBCT Complex 

The stability of the formed complex can be evident from calculating the spec-
troscopic physical parameters. Six physical parameters were selected to express 
the charge transfer probability of 2-ADMeP-CLA complex. These parameters 
included the charge transfer energy (ECT), are a measure the ease of charge 
transfer from the donor to the acceptor and include the transitions, n-π* and 
π-π*. The charge transfer energy can be calculated from Equation (3) [26]: 

 

 

Figure 5. Effect of 2-ADMeP concentration on the formed 2-ADMeP-CLA com-
plex absorbance with CLA (6.0 × 10−4 mol·L−1). 
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Table 1. Minimum-maximum absorbance data at room temperature of the 2-ADMeP-CLA 
complex in varied solvents. 

Solvent 
CCLA 

mol·L−1 
C2-ADMeP 
mol·L−1 

Amin Amax Acomp 
KCT × 10−3 
(L.·mol−1) 

Average  
KCT × 10−3 
(L.·mol−1) 

ε × 10−3 

CHL 
at λmax 
(535.5 
nm) 

6.0 × 10−4 

0.00012 

0.062 0.674 

0.136 1.15 

6.68 1.12 

0.00018 0.209 1.76 

0.00024 0.294 2.54 

0.00030 0.364 3.25 

0.00036 0.433 4.28 

0.00042 0.507 6.34 

0.00048 0.579 11.34 

0.00054 0.628 22.79 

EtOH 
at λmax 
(530.5 
nm) 

1.0 × 10−3 

0.0002 

0.090 0.927 

0.204 0.79 

4.48 0.93 

0.0003 0.311 1.20 

0.0004 0.395 1.43 

0.0005 0.500 1.92 

0.0006 0.614 2.79 

0.0007 0.692 3.66 

0.0008 0.779 5.82 

0.0009 0.879 18.26 

MeOH 
at λmax 
(529.5 

m) 

1.0 × 10−3 

0.0002 

0.064 0.871 

0.137 0.50 

2.70 0.87 

0.0003 0.258 1.05 

0.0004 0.315 1.13 

0.0005 0.415 1.54 

0.0006 0.514 2.10 

0.0007 0.570 2.40 

0.0008 0.701 4.68 

0.0009 0.775 8.23 

AN 
at λmax 
(519.0 
nm) 

4.0 × 10−4 

0.00008 

0.044 0.480 

0.095 1.66 

8.73 1.20 

0.00012 0.133 2.14 

0.00016 0.199 3.45 

0.00020 0.252 4.56 

0.00024 0.302 6.04 

0.00028 0.353 8.69 

0.00032 0.405 15.04 

0.00036 0.441 28.28 
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CT CT1243.667E λ=                        (3) 
The ionization potential (IP) [27]: is the energy desired to eject an electron of 

the donor molecular orbital participating in charge transfer interaction. The io-
nization potential of the donor can be calculated from Equation (4):  

4
CT5.76 1.53 10PI v−= + ×                       (4) 

where: (νCT): is the wavenumber in cm−1 of 2-ADMeP-CLA complex band. 
The dissociation energy of the formed charge transfer complex (W) was cal-

culated by using the following relationship (5) [28]:  

CTP AW I E E= − −                          (5) 

where (EA): is the electron affinity of the acceptor, (EA of CLA is 1.1 eV). 
The resonance energy (RN) [29]: is a factor contributing to the formed com-

plex stability (a ground state characteristic), which can be calculated using Equa-
tion (6)  

[ ]4
CT CT7.7 10 3.5Nh Rε ν = × −                     (6) 

where εCT: is the coefficient of the molar extinction of the complex at the CT ab-
sorption maximum. 

The oscillator strength (f) [30]: is a measurement of the probability of electron 
transmission to form a charge transfer band and is a dimensionless quantity. 
Transition dipole moment (µ) [31]: is a measure that asserts the presence of 
proton transfer interaction in the formed complex. The oscillator strength and 
the transition dipole moment can be calculated by Equations (7) and (8) as fol-
lowing [32]: 

9
max 1 24.32 10f ε ν−  = × ⋅∆                      (7) 

1 2

max 1 2 max0.0958µ ε ν ν = ⋅∆                    (8) 

where 1 2ν∆ : is the half of absorbance bandwidth, εmax: is the coefficient of the 
molar extinction of the complex at the CT absorption maximum and maxν : is 
the wavenumber of the formed complex at the maximum absorption. 

Using the previous equations, the calculated values of the spectral physical 
parameters of the formed 2-ADMeP-CLA complex are listed in Table 2. The 
values of the charge transfer energy increased slightly and gradually on moving 
from chloroform to acetonitrile as shown in Table 2. A further parameter can be 
discussed is the potential ionization values (IP) of 2-ADMeP-CLA complex. The 
ionization potential recorded small values in all solvent, asserting the formation 
of a stable complex in all media, due to the ease of charge transfer from donor to 
acceptor. The ionization potential values for 2-ADMeP with CLA in all solvents 
are nearly the same. Thus, one can conclude that the same donor molecular or-
bital interacts with CLA in all the studied solvents to produce the charge transfer 
complex. The obtained ionization potential values recorded small values due to 
the high basicity of 2-ADMeP (nitrogen ring and amino group). This behaviour 
suggests that the electrons responsible for the basic strength of 2-ADMeP  
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Table 2. Spectroscopic physical parameters of 2-ADMeP-CLA complex in studied sol-
vents. 

Solvent ECT (eV) IP (eV) W (eV) RN f µ (Debye) 

CHL 2.3224 8.6171 5.1947 0.0322 0.7570 9.2803 

EtOH 2.3443 8.6441 5.1997 0.0271 0.6442 8.5209 

MeOH 2.3488 8.6495 5.2008 0.0256 0.5870 8.1259 

AN 2.3963 8.7080 5.2117 0.0354 0.8087 9.4428 

 
(n-electrons) are the same involved in the CT interaction of 2-ADMeP with CLA 
in all solvents. Hence, the investigated 2-ADMeP behaves as n-donor towards 
π-acceptor (CLA), which means that the highest occupied molecular orbital 
(HOMO) is the non-bonding molecular orbital and the H-bond complexing 
sites of 2-ADMeP is a pyridinic nitrogen atom by its lone electron pair. There-
fore, the CT interaction is attributed to the promotion of non-bonding electrons 
of the donor 2-ADMeP to the lowest unoccupied π-molecular orbital of the ac-
ceptor CLA (LUMO). Consequently, one can deduce that the formed charge 
transfer complex is mainly n-π* type in all solvents. It seems that the high do-
nating power of 2-ADMeP from the presence of two methyl groups and one 
amino group is presumably responsible for this situation.  

Also, the dissociation energy (W) of the 2-ADMeP-CLA complex was rec-
orded high values in all studied solvents, confirming its high stability due to the 
existence of both charge and proton transfer. Thus, the same donor molecular 
orbital interacts with CLA in the studied solvents. 

From Table 2, it is clear that the highest value of the oscillator strengths was 
in acetonitrile, confirming the high probability of charge transfer with higher 
polarity solvent as acetonitrile in consisting with the stability constant values. 
On the other hand, the value of the oscillator strengths in CHL recorded higher 
value compared with MeOH and EtOH, due to the presence of the hydroxyl 
group which leads to a hydrogen bond formation with the nitrogen atom of the 
pyridinic ring retarding the charge migration from the donor to the acceptor in a 
protic solvent. 

The calculated transition dipole moment recorded high values in all solvents, 
confirming the formation of stable charge transfer complexation besides the 
proton transfer interaction. Furthermore, the transition dipole moment (μ, 
Debye) of the formed complex, as well as the resonance energy (RN), follows the 
same trend as the oscillator strength corresponding with the values of the forma-
tion constants (KCT) of 2-ADMeP-CLA complex formed in all the solvents 
(Table 1). The values increase as follows: MeOH < EtOH < CHL < AN. One can 
deduct from this, the stability of the formed complex is attributed to the pres-
ence of two interactions, the charge transfer (CT) and proton transfer (PT). The 
highest probability of the charge transfer interaction and proton transfer was in 
the highest polarity and aprotic solvent acetonitrile compared with other sol-
vents.  
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3.5. Determination of Thermodynamic Parameters of the HBCT  
Complex 

After studying the effect of temperature on the formed 2-AMDeP-CLA complex 
in all used solvents, minimum-maximum absorbance Equation (1) was applied 
to calculate the formation constant of the complex formed at different tempera-
tures grades. In addition, Van’t Hoff equation was applied to calculate the ther-
modynamic parameters (ΔH˚, ΔS˚) through the following relationship [33]: 

CTln H SK
RT R
∆ ° ∆ °

= − +                        (9) 

where: ΔH˚: is enthalpy of the formed CT complex, ΔS˚: is the entropy of the 
formed CT complex, T: is the absolute temperature in Kelvin and R: is the gas 
constant (8.314 J·mol−1·K−1). 

Plotting the values of lnKCT versus 1000/T, a straight line was obtained, Figure 
7. The slope and intercept were equal to −ΔH˚/R and ΔS˚/R, respectively. The 
values of KCT and the thermodynamic parameters in different solvents were col-
lected in (Table 3).  

Furthermore, standard Gibbs free energy change of the complexation process 
(ΔG˚) for 2-ADMeP-CLA complex was determined from the KCT value at room 
temperature using the Equation (10) [34]: 

CT2.303 logG RT K∆ ° = −                      (10) 

where ΔG˚: is the free energy change of the formed complex (k·J·mol−1) and KCT 
is the formed CT complex formation constant at 25˚C. 

From Figure 6, the positive slope indicates that the CT complex formation is 
exothermic, reflecting the decrease in KCT with increasing the temperature in 
acetonitrile (AN). From the results in Table 3, the negative value of the enthalpy 
is due to the exothermic reaction between donor and acceptor. The highest value 
of −ΔH˚ of 2-ADMeP-CLA complex was in CHL (2.2 k·J·mol−1), attributing to 
the high stability of the formed 2-ADMeP-CLA complex in the non-polar sol-
vent. It seems that the missing of interaction sites in chloroform (hydrogen bond 
donor or hydrogen bond acceptor sites) is responsible for this situation. Fur-
thermore, due to the steric hindrance of dimer formation of the acetonitrile mo-
lecule, the lowest value of enthalpy was in the highest polar solvent (AN) (1.23 
k·J·mol−1). As reported in literature reviews, when (ΔH˚ < 0), electrostatic inte-
ractions [35] [36] [37] are present. Therefore, Vanderwaals interactions or hy-
drogen bonds are the main forces between the donor and acceptor in the studied 
charge transfer. Therefore, the enthalpy change confirmed the presence of hy-
drogen bonding besides the charge transfer in the investigated 2-ADMeP-CLA 
complex. 

One can observe in the entropy (ΔS˚) results, the highest value was recorded 
in acetonitrile (71.3 J·K−1·mol−1), which is due to the dimer formation between 
the partial positive charge on methyl carbon of acetonitrile molecule and the 
partial negative charge on the nitrogen of a second one. While the lowest value 
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of the entropy is listed in methanol (59.7 J·K−1·mol−1) where the situation is 
linked with the short-range solvation effect. The fact is that methanol molecules 
favour interaction with the amino group protons of 2-ADMeP rather than the 
other basic centres e.g. (ring nitrogen), resulting in lowering the steric hindrance 
and the ΔS˚ value in methanol. The negative and high values of ΔG˚ (Table 3) 
indicate the spontaneous and exothermic nature of the reaction between the 
donor and the acceptor with strong interaction. Also, the values of ΔG˚ corres-
pond with the formation constants values of the complex (KCT), where the values 
increase as follows: MeOH < EtOH < CHL < AN, which make the donor and 
acceptor undergo to lose a degree of freedom or more physical strain [38]. 

 
Table 3. Thermodynamic parameter for 2-ADMeP-CLA complex formation in various 
solvents. 

Temp. 
K 

KCT × 10−3 
(L·mol−1) 

−ΔH˚ 
(kJ·mol−1) 

ΔS˚ 
(JK−1·mol−1) 

−ΔG˚ 
(kJmol−1) 

  
CHL 

  
293.15 6.77 

2.20 65.8 21.8 

298.15 6.68 

303.15 6.62 

308.15 6.50 

313.15 6.38 

  
EtOH 

  
293.15 4.56 

2.05 63.0 20.8 

298.15 4.48 

303.15 4.42 

308.15 4.37 

313.15 4.32 

  
MeOH 

  
293.15 2.73 

1.77 59.7 19.6 

298.15 2.70 

303.15 2.66 

308.15 2.64 

313.15 2.61 

  
AN 

  
293.15 8.78 

1.23 71.3 22.5 

298.15 8.73 

303.15 8.65 

308.15 8.57 

313.15 8.52 
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Figure 6. Van’t Hoff equation of 2-ADMeP-CLA complex in AN. 

3.6. FT-IR Spectra of the Solid HBCT Complex  

The formation of 1:1 charge and proton transfer complex between 2-ADMeP 
with CLA was established from a comparison of the FTIR spectra of the complex 
with that of the reactants (2-ADMeP and CLA). The most important infrared 
bands of the e-donor (2-ADMeP), the e-acceptor (CLA) and the HPCT complex 
(2-ADMeP-CLA) are shown in Figure 7. The infrared band assignments are given 
in Table 4. Interestingly, the spectra of the reaction product 2-ADMeP-CLA com-
plex contain the main infrared bands for both the reactants. This strongly sup-
ports the formation of the charge transfer complex. However, the absorbance of 
the donor and acceptor in the formed product showed some changes in band 
intensities and in some cases small shifts in the frequency wave-number values. 
These changes could be attributed to the expected symmetry and electronic 
structure modifications in both donor and acceptor units in the formed products 
relative to the free molecules. The infrared interpretation for the HBCT complex 
was dealt with as follows: the FTIR spectra of the complex are shown in Figure 7, 
where the asymmetric and symmetric stretching vibration of the amino group is 
broadened and appeared at 3299 cm−1 and 3139 cm−1 comparing with 3354 cm−1 
and 3158 cm−1, respectively for 2-ADMeP itself. The free 2-ADMeP showed two 
absorption bands at 2979 and 2918 cm−1 and are safely assigned to ν(CH) aro-
matic and aliphatic, respectively. These two bands are disappeared upon com-
plex formation with CLA. On the other hand, the absence of ν(OH) of CLA acid 
at 3225 cm−1 in the formed complex is due to the proton transfer from CLA to 
2-ADMeP. The carbonyl group appeared at 1655 cm−1 in the complex spectrum 
compared with 1661 cm−1 for free CLA. This result showed that the carbonyl 
stretching frequency is supporting the involvement of the carbonyl group in 
H-bond with the neighbouring amino group. In addition, the ν(C-Cl) of chloranilic 
acid is affected by the complex formation and it is shifted to 826 and 714 cm−1 
upon complexation compared with 837 and 750 cm−1 for free CLA, confirming a 
charge transfer from a donor (2-ADMeP) to an acceptor (CLA). One can also 
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observe (Figure 7) the presence of abroad and intense absorption in the 1600 - 
800 cm−1 region in the complex spectrum which confirming the presence of 
OHN hydrogen bonding between 2-ADMeP and CLA (OH … N) [4]. An im-
portant finding from Figure 7, is the appearance of a vibrational band at 2900 
cm−1 complex spectrum which could be assigned to be ν(NH+…O−) and supports the 
proton transfer process from OH of the acceptor (CLA) towards the ring nitro-
gen of the donor (2-ADMeP). Moreover, the vibrational bands of the complex 
were shifted compared with those of the reactants. The stretching vibrations 
υ(C=C) are shifted to 1633 cm−1 compared with 1609 and 1626 cm−1 for 2-ADMeP 
and CLA, respectively. Also, υ(C-NH2) is shifted from 1446 in 2-ADMeP to 1491 
cm−1 in complex spectrum, υ(C=N) shifted from 1351 to 1352 cm−1, υ(C-C) shifted 
from 1234 to 1223 cm−1, υ(C-H) out of plane shifted from 1161 to 1163 cm−1, δ(C-N) 
shifted from 989 to 986 cm−1 and δ(NH2) shifted from 704 to 631 cm−1. On the 
other hand, υ(C-O) shifted from 1365 to 1394 cm−1, υ(C-C) shifted from 1257 to 1223 
cm−1, δ(OH) shifted from 976 to 986 cm−1, and Υ(C=O) shifted from 686 to 631 cm−1 
for CLA. Hence, the infrared spectra strongly confirmed the presence of proton 
transfer besides the charge transfer between 2-ADMeP and CLA. 
 
Table 4. Assignment and infrared frequencies (cm−1) of the donor (2-ADMeP), acceptor 
(CLA) and (2-ADMeP-CLA) complex. 

Assignment 2-ADMeP CLA 2ADMeP-CLA 

νas
(NH2) 3354 - 3299 

νs
(NH2) 3158 - 3139 

ν(OH) - 3225 - 

ν(C-H) aromatic ring 2979 - - 

ν(C-H) aliphatic 2918 - - 

ν(NH---O hydrogen bond) - - 2900 

ν(C=O) - 1661 1655 

ν(C=C) aromatic 1609 1626 1633 

ν(C-NH2) 1446 - 1491 

ν(C-O) - 1365 1394 

ν(C=N) 1351 - 1352 

ν(C-C) 1234 1257 1223 

ν(C-H) out of plane 1161 - 1163 

δ(C-N) 989 - 986 

δ(OH) - 976 986 

ν(C-CL) - 837,750 826,714 

δ(NH2) 704 - 631 

Υ(C=O) - 686 631 
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Figure 7. Infrared spectra of the donor (2-ADMeP), acceptor (CLA) and the complex (2-ADMeP-CLA) in the range 400 - 4000 
cm−1. 

3.7. NMR Spectra of the Solid HBCT Complex 
3.7.1. 1H NMR Spectra  
Figure 8 represents the 1H NMR spectra of the e-donor 2-ADMeP, e-acceptor 
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CLA and the formed complex, 2-ADMeP-CLA, in d6-DMSO. The reactants 
protons appeared in the complex spectrum supporting its formation. Regarding 
the donor 2-ADMeP spectra, one can observe two signals at δ = 2.08 and δ = 
2.18 ppm refer to 6 protons of the two methyl groups. Also, the spectra of free 
2-ADMeP showed the appearance of the protons of the amino group at δ = 5.70 
ppm. Furthermore, two singlet peaks at δ = 6.06 and δ = 6.19 ppm refer to two 
aromatic protons of the donor. For the acceptor (CLA) from the 1H NMR spec-
tra, a broad signal was found at δ = 8.14 ppm attributing to two intramolecular 
hydrogen bonds in this molecule. Concerning the 1H NMR spectra of the formed 
HBCT complex (2-ADMeP-CLA) from Figure 10, a very important finding is 
the disappearance of signal refer to OH proton in CLA and appeared a broad 
signal at 5.34 ppm, which confirms the proton migration from OH group in 
chloranilic acid towards the ring nitrogen atom in 2-ADMeP attributed to pro-
ton transfer hydrogen bonding in the formed complex. Furthermore, the ap-
pearance of new resonance signal at δ = 7.53 ppm is attributed to the proton mi-
gration from the amino group of 2-ADMeP towards the carbonyl group in chlo-
ranilic acid, confirming the participation of an amino group of 2-ADMeP in a 
hydrogen bond with CLA. Also, one observes from 1H NMR spectra of the 
formed 2-ADMeP-CLA complex signals of the protons of two methyl groups 
were slightly downfield shifted (deshielded) to δ = 2.29 and δ = 2.38 ppm com-
pared with δ = 2.08 and δ = 2.18 ppm for free e-donor (2-ADMeP). In addition, 
the doublet resonance signal of aromatic protons of donor shifted from δ = 6.06 
 

 

Figure 8. 1H NMR spectra of 2-ADMeP, CLA and 2-ADMeP-CLA complex in DMSO-d6. 
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and δ = 6.19 ppm to δ = 6.58 and δ = 6.59 ppm, this down-field shift is expected 
due to the change in electronic structure upon complexation. Hence, 1H NMR 
spectra revealed the formation of HBCT complex (2-ADMeP-CLA) in agree-
ment with electronic and infrared spectra. 

3.7.2. 13C NMR Spectra  
13C NMR spectra of the donor, acceptor and the formed HBCT complex which 
measured in DMSO-d6 added extra information of the complex formation. The 
13C NMR spectra of 2-ADMeP, CLA and the formed 2-ADMeP-CLA complex 
are presented in Figure 9. Regarding the spectra of CLA, two signals appeared at 
109.07 ppm and 166.36 ppm attributing to (C-Cl) and (C=O), respectively. 
Upon complexation, one can observe from Figure 9 that these signals are 
slightly different than the free CLA spectra where they appeared at 109.31 ppm 
and 166.92 ppm. This result could be explained on the basis of involvement the 
carbonyl and the hydroxyl groups of CLA in hydrogen bond formation with ring 
nitrogen and NH2 group in 2-ADMeP, which confirms the charge transfer be-
sides the hydrogen bonding in the formed complex spectra.  

Concerning of 2-ADMeP carbons C(9), C(13), C(2), C(4), C(3), C(5) and C(1) 
atoms appeared in e-donor spectra at 20.93, 24.10, 105.55, 112.81, 147.99, 155.93 
and 159.87 ppm, respectively, as shown in Table 5. Upon complexation, the re-
sonance signals of C(9), C(13), C(3), C(5) and C(1) are recorded a slight shift to 
a lower frequency (upfield) to 18.98, 21.80, 146.37, 154.25 and 156.95 ppm. On 
the other hand, C(2) and C(4) signals are shifted to a high frequency (downfield) 
to 107.73 ppm and 114.17 ppm. This result strongly confirmed the charge mi-
gration from donor to acceptor upon complex formation. Hence, both 1H and 
13C NMR revealed the existence of charge transfer besides hydrogen bonding in 
the formed spectra. 

 

Table 5. 13C NMR frequencies (ppm) of 2-ADMeP, CLA and HBCT complex in 
DMSO-d6. 

Atom 2-ADMeP CLA 
HBCT,  

experimental 

C(1) 159.87 - 156.95 

C(5) 155.93 - 154.25 

C(3) 147.99 - 146.37 

C(4) 112.81 - 114.17 

C(2) 105.55 - 107.73 

C(13) 24.10 - 21.80 

C(9) 20.93 - 18.98 

C(23) - 166.36 166.92 

C(25) - 109.07 109.31 
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Figure 9. 13C NMR spectra of 2-ADMeP, CLA and 2-ADMeP-CLA complex in DMSO-d6. 

3.8. Molecular Geometry Optimization of the Molecules 

Figure 10 and Figure 11 show a view of the optimized structures of the donor, 
acceptor and the formed complex in the gas phase including the atom number-
ing and hydrogen bonding interactions adopted in this study using the density 
functional theory DFT/B3LYP/6-31G(d,p). The calculations showed that the ac-
id is stabilized by two intramolecular hydrogen bond interactions (Figure 10). 
The most stable conformer of the formed complex favours the orientation of the 
OH (CLA) towards the pyridinic like nitrogen atom of 2-ADMeP (N6), produc-
ing a proton transfer hydrogen bonding (O21 … H20N6). This hydrogen bond-
ing added extra stability to the formed CT complex, 2-ADMeP-CLA. Another 
intramolecular hydrogen bond N17-H18-O30 was found which increases the 
stability of the formed complex. The complexation energy between the donor 
and acceptor for the minimum energy structures was calculated from the equa-
tion: ΔE = optimization energy (complex) − optimization energy (2-ADMeP-CLA) 
where Ecomplex represents the total complex energy while E(2-DAMeP) and E(CLA) 
represent the energies of free donor and free acceptor. The optimization energy 
(total energy), the zero-point vibrational energy (the difference between the mi-
nimal energy of the system and the minimum energy of the lowest state of the 
system) ZPVE, the corrected optimization energy and the complexation energy 
are collected in Table 6. Consequently, the complexation energy recorded 18.825, 
21.963 and 20.708 kcal·mol−1 in the gas phase, methanol and chloroform, respec-
tively, confirming the formation of stable complexes in these media. The dipole 
moment of the formed complex recorded higher values (16.383 and 17.279 D) in 
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chloroform and methanol than that in the gas phase (13.068 D) which enhances 
the proton transfer besides electron transfer in the formed complex in these me-
dia. 

The hydrogen bond parameters are presented in Table 7 where one can de-
duce for the proton transfer hydrogen bond O21-H20-N6, the increase in OH 
bond length from 1.555 to 1.671 and 1.713 Å on moving from gas phase to chlo-
roform and methanol while the NH bond length decreases from 1.069 Å in the 
gas phase to 1.046 Å in chloroform and 1.042 Å in methanol. This result sup-
ported the increase in hydrogen bond strength on moving from gas phase to 
methanol due to increasing the electrostatic interaction between O− and NH+ 
wings of the proton transfer hydrogen bonding. On the other hand, the OHN 
bond distance lays in the region 2.624 to 2.755 Å of strong hydrogen bonding.  
 
Table 6. The total optimization energy, complexation energy, zero-point vibrational 
energy, corrected optimization energy and thermodynamic parameters for the investi-
gated 2-ADMeP-CLA complex. 

Parameter 
Gas phase Methanol Chloroform 

(2-ADMeP-CLA) (2-ADMeP-CLA) (2-ADMeP-CLA) 

ΔE 
(kcal/mol−1) 

18.825 21.963 20.708 

ZPVE 
(kcal/mol−1) 

100.732 100.591 100.633 

ΔH 
(kcal/mol−1) 

−17.570 −20.708 −18.825 

ΔG 
(kcal/mol−1) 

−6.903 −10.040 −8.785 

ΔS 
(kcal/mol−1) 

−37.420 −35.244 −36.479 

 
Table 7. Inter- and intra-molecular H-bond parameters in different solvents. 

Solvent 

Distance (Å) Angle 

Intermolecular H-bond O21H20N6 

O21-H20 N6-H20 O21-N6 O21H20N6 

Gas 1.555 1.069 2.624 163.728 

Chloroform 1.671 1.046 2.717 165.256 

Methanol 1.713 1.042 2.755 164.499 

Solvent 

Distance (Å) Angle 

Intramolecular H-bond O28H29O31 

O28-H29 O31-H29 O28O31 O28H29O31 

Gas 0.996 1.804 2.802 125.111 

Chloroform 0.998 1.820 2.817 124.474 

Methanol 0.997 1.828 2.824 124.113 
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Figure 10. The optimized structures including important optimal bond lengths and bond 
angles of CLA and 2-ADMeP in (a) gas phase, (b) chloroform and (c) methanol. 

 

 

Figure 11. The optimized structures of 2-ADMeP-CLA complex including important op-
timal bond lengths and bond angles in (a) gas phase, (b) chloroform and (c) methanol.  
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Concerning the OHN bond angle, it has been found that it lies in the range 
163.728˚ to 165.256˚ near to the linearity that referring to a strong hydrogen bond-
ing interaction. Concerning the intramolecular hydrogen bond O28-H29-O31, one 
can find, the negligible effect of solvent on its parameters where all OHO bond 
lengths are lying in the range 2.802 to 2.824 Å which refers to a very strong hy-
drogen bond that cannot be affected by the medium (Table 7). 

Figure 10 and Figure 11 represent the optimized structures of the donor, ac-
ceptor and the formed complex including the important bond angles in gas, 
chloroform and methanol media. It has been found that the most affecting bond 
angles are those near the hydrogen bonding bridge. For example, the bond angle 
C5-N6-C1 increases to 123.099˚, 123.264˚ and 123.278˚, respectively, upon 
complexation compared with 118.099˚, 118.079˚ and 118.070˚ for the free donor 
(2-ADMeP). This result confirmed the lowering in charge on donor part of the 
complex due to the expansion of the donor skeleton and the existence of proton 
transfer hydrogen bonding besides CT interaction. Also, this result confirmed 
the existence of proton transfer besides the charge transfer in the produced 
complex. Regarding the acceptor moiety of the complex and especially at the 
intramolecular hydrogen bond O31-H29-O28 zone, one can deduce the increase 
of bond angles for the complex (125.111˚) relative to free CLA (120.107˚). Hence, 
H29-O28-C27 bond angle is decreased to 102.192˚ for complex compared with 
104.956˚ for free CLA, while the bond angle H29-O31-C26 is increased to 
87.336˚ compared with 86.254˚ for free acid. This result confirms the CT migra-
tion from the donor to the acceptor. Hence, the calculated bond angles strongly 
confirmed the presence of hydrogen bonding besides charge transfer which is 
responsible for the high stability of the formed complex, in concordance with the 
experimental data.  

The bond lengths of the donor and acceptor part of the complex are also af-
fected by the complexation process (CT and H-bond interactions) as can be 
shown in the following examples. It has been observed that the bond lengths 
near the hydrogen bonding centre (O21-H20-N6) are also affected. For example, 
C1-N6 and N6-C5 bonds are lengthened to 1.358 and 1.367Å compared with 
1.338 Å and 1.346 Å, respectively, in the gas phase due to the involvement of N6 
atom in hydrogen bonding. The same situation was found in chloroform and 
methanol. Concerning the bonds C5-C13, and C1-N17 connecting the methyl 
and the amino groups with the pyridine ring, they recorded 1.500, and 1.340 Å 
compared with 1.508 and 1.385 Å, respectively, for free donor alone in the gas 
phase. This suggests that the amino group and one methyl group are participants 
in charge of the donation from 2-ADMeP towards CLA. The same behaviour 
was recorded in chloroform and methanol. One can also observe the increase in 
bond lengths of C-C bond of pyridine ring confirms the charge transfer process 
from HOMO (n and π) of the donor to LUMO (π*) of the acceptor. Regarding 
the acceptor part of the complex, CLA, one can observe a little increase in C-Cl 
bond lengths (1.745 and 1.750 Å) for the complex relative to the acceptor alone, 
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CLA (1.731 Å), which could be attributed to the inductive effect of a chlorine 
atom. An important finding is the increase of C-C bond lengths near the hydro-
gen bonding and the decrease for C-C away from the hydrogen bonding. For 
example, C22-C23 and C22-C24 bonds (near H-bond) are lengthened to 1.557 
and 1.399 Å, upon complexation relative to 1.522 and 1.358 Å, respectively, for 
the free acceptor. On the other hand, C24-C26 bond (away from H-bond) is 
shortened to 1.413 Å compared with 1.452 Å, confirming the e-donation from 
donor to acceptor. Furthermore, C26-O31 bond is increased to 1.244 Å com-
pared with 1.228 Å for CLA alone, while C27-O28 is shortened to 1.317 Å with 
respect to 1.322 Å for free acid, which is due to their involvement in the hydro-
gen bonding. Consequently, the optimal bond lengths support the existence of 
proton and electron transfer in the formed complex. 

Regarding the dihedral angles between the two methyl and the amino groups 
with the pyridine ring, it has been found that the dihedral angles between the 
two methyl groups and the pyridine ring (C13-C5-N6-C1 and C9-C3-C2-C1) 
recorded 178.276˚ and 179.805˚, respectively, which confirms the co-planarity of 
these groups with the pyridine ring. The same situation was found for the amino 
group dihedral angle, N17-C1-N6-C5, with the pyridine ring where it recorded 
179.165˚. Hence, the electron density increases on donor moiety, leading to 
strong e-transfer to CLA acceptor and produces a stable complex, in concor-
dance with the measured results. 

3.9. Quantum Chemical Parameters 

The reactivity parameters [39]-[44], such as ionization potential (I), electron af-
finity (EA), electronegativity (χ), hardness (η), chemical potential (μ), electrophi-
licity index (ω), and softness, are very important descriptors to understand many 
aspects connected with the charge transfer reactions. All reactivity parameters 
could be calculated from the HOMO and LUMO energies. The definition of all 
the investigated reactivity parameters is described in the following equations and 
their values for 2-ADMeP, CLA and the 2-ADMeP-CLA complex are presented 
in Table 8. 

( ) HOMOIonization potential eVPI E= −               (11) 

( ) LOMOElectron affinity eVAE E= −                (12) 

( ) ( )Electron negativity eV 2P AI Eχ = +              (13) 

( ) ( )Hardness eV 2P AI Eη = −                  (14) 

( )Chemical potential eVµ χ= −                  (15) 

( ) ( )2Electrophilicity index 2ω µ η= −               (16) 

( )1Softness eV 1σ η− =                     (17) 

Based on the electronic reactivity parameters given in Table 8, one can deduce 
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the electronic behaviour of CLA, 2-ADMeP and their complex. According to the 
HOMO and LUMO energies, a molecule with higher EHOMO is best e-donor and 
those having lower ELUMO are the best e-acceptors. From this point of view, CLA 
has lower ELUMO (−3.933 eV) than 2-ADMeP (−0.087 eV). Consequently, CLA is 
the e-acceptor in its reaction with 2-ADMeP. On the other hand, 2-ADMeP has 
higher EHOMO (−5.544 eV) and is considered as the electron donor. Furthermore, 
the ionization potential of 2-ADMeP recorded small values (5.547 eV) compared 
with CLA (7.024 eV), supporting its consideration as e-donor and CLA is 
e-acceptor. It is worth reporting that the calculated ionization potential from 
B3LYP is comparable with that the measured experimentally. On the other hand, 
the electron affinity of CLA recorded high value than that for 2-ADMeP, con-
firming its consideration as an electron acceptor and 2-ADMeP is the e-donor, 
this is consisting with the higher electronegativity of CLA (5.479 eV) than that of 
2-ADMeP (2.817 eV). Moreover, CLA recorded small hardness and high soft-
ness confirming its e-acceptor capability than 2-ADMeP. Moreover, the chemi-
cal potential is a potential index indicating the direction of electron flow among 
the molecule. Electron flow occurs from the system with the high chemical po-
tential to the one with lower chemical potential. The chemical potential of 
2-ADMeP recorded a high chemical potential (−2.817 eV) relative to CLA 
(−5.479 eV), hence it is considered as the e-donor and CLA is the e-acceptor. In 
addition, the electrophilicity of CLA is higher than that of 2-ADMeP confirming 
that CLA is a better electrophile than 2-ADMeP and is considered as the 
e-acceptor and 2-ADMeP is the e-donor. All these results revealed that 2-ADMeP 

 
Table 8. The calculated quantum chemical parameters for the investigated compounds using the DFT method. 

Parameter 
Gas phase Methanol Chloroform 

Base  Acid  Complex Base  Acid  Complex Base  Acid  Complex 

HOMO (eV) −5.547 −7.024 −5.380 −5.726 −6.888 −5.872 −0.209 −0.254 −5.733 

LUMO (eV) −0.087 −3.933 −2.528 −0.287 −3.736 −2.895 −0.009 −0.139 −2.792 

ΔE (eV) 5.459  3.091  2.852 5.436  3.153  2.980 0.200  0.115  2.938 

Dipole (D) 1.783  0.000  13.068 2.446  0.000  17.279 2.285  0.002  16.383 

IP (eV) 5.547  7.024  5.380 5.726  6.888  5.872 0.209  0.254  5.733 

EA (eV) 0.087  3.933  2.528 0.287  3.736  2.895 0.009  0.139  2.792 

χ (eV) 2.817  5.479  3.954 3.007  5.312  4.384 0.109  0.197  4.263 

μ (eV) −2.817 −5.479 −3.954 −3.007 −5.312 −4.384 −0.109 −0.197 −4.263 

η (eV) 2.730  1.546  1.425 2.720  1.576  1.489 0.100  0.058  1.471 

σ (eV−1) 0.366  0.647  0.702 0.368  0.635  0.672 10.00  17.241 0.680 

ω 1.469  9.742  5.486 1.687  8.925  6.454 0.059  0.335  6.177 
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is e-donor and CLA is the e-acceptor. Furthermore, as one can deduce from Ta-
ble 8, the lower energy gap of the complex (2.852 eV), suggesting its high reac-
tivity. The lowering is smaller in the gas phase than in chloroform or methanol, 
resulting in high reactivity in the gas phase with respect to solvents. 

3.10. Theoretical Electronic Spectra 

Based on the fully optimized structure of the formed complex 2-ADMeP-CLA, 
TD-DFT/B3LYP/6-31 G(d, p) has been used to calculate the electronic spectra in 
chloroform and methanol through adding polarizable continuum solvation 
model PCM, PCM-TD-DFT. The measured experimental values of λmax in chlo-
roform and methanol will be compared with those computed from PCM-TD- 
DFT/B3LYP/6-31 G(d, p) method (Figure 12 and Figure 13), respectively. Ac-
cording to Franck Condon principle, the maximum absorption peak in UV-Vis 
is attributed to vertical excitation only. The calculated electronic spectra of 
HBCT complex in chloroform and methanol is shown in (Figure 14). 

The measured electronic spectra of 2-ADMeP-CLA complex in chloroform 
and methanol exhibited absorption maxima at 535.5 and 529.5 nm, respectively. 
To obtain the absorption spectra from the optimized ground state geometry, the 
energy was calculated for the first six vertical excitation states (S1, S2, S3, S4, S5 
and S6) in chloroform and methanol. The calculated wavelengths and oscillator 
strengths are collected in (Table 9). The calculated absorption spectra of 
2-ADMeP-CLA in chloroform consist of two intense transition bands at 550.64 
(f = 0.016) and 320.32 nm (f = 0.245). The transition at 550 nm is corresponding 
to 70% contribution from HOMO to LUMO (n-π* transition, (ε is lower than 
1000 L·mol−1·cm−1) while the second excitation band at 320 nm is corresponding 
to two contributions, HOMO-2→LUMO (67%), and HOMO→LUMO+5 (11%) 
(π-π* transition, with ε higher than 1000 L·mol−1·cm−1). Hence, the vertical exci-
tation energy states are So→S1 and So→S6 is the only allowed transition states 
with strong oscillator strengths in chloroform. In methanol, the calculated ab-
sorption spectra showed also, two intense bands at 317.59 (f = 0.232) and 540.54 
nm (f = 0.015), respectively. The first transition at 317 nm is attributed to the 
vertical transition (S0→S5) and is corresponding to HOMO-2→LUMO (67%), 
HOMO→LUMO+4 (10%) and HOMO→LUMO +5 (11%), π-π* transition. The 
second allowed transition at 540 nm (So→S1) is attributed to HOMO→LUMO 
(70%), n-π* transition. Hence, one deduces from the previous section the near 
measured and calculated λmax. The composition of the filled and virtual MOs 
(Frontier MOs) is very useful to assign the character of each electronic transition. 
For example, if the virtual orbital is acceptor based and the occupied orbital is 
donor-based, the transition is designed as CT, while it is considered as an inter-
nal transition within either donor or acceptor when both the occupied and vir-
tual MOs are localized on the same moiety. In the formed complex both virtual 
and occupied MOs are located on CLA moiety confirming the presence of CT 
interaction. 

https://doi.org/10.4236/ojpc.2020.101001


K. M. Al-Ahmary et al. 
 

 

DOI: 10.4236/ojpc.2020.101001 25 Open Journal of Physical Chemistry 
 

Table 9. The experimental and calculated energy of state (Es) and λmax, oscillator strength 
(f) and contribution for the first six excitations. 

Medium λexp Es (eV) λCalc (nm) f Contribution 

Gas  

S1(2.172) 570.73 0.012 HOM-LUMO 

S2(2.991) 414.47 0.003 HOMO-LUMO+1 

S3(3.099) 400.00 0.000 
HOMO-3-LUMO, 
HOMO-2-LUMO 

S4(3.442) 360.23 0.000 HOMO-4-LUMO 

S5(3.835) 323.32 0.181 
HOMO-1-LUMO, 
HOMO-LUMO+4 

S6(3.920) 316.27 0.004 
HOMO-3-LUMO, 
HOMO-2-LUMO 

Chloroform 535.5 

S1(2.252) 550.64 0.016 HOMO-LUMO 

S2(3.012) 411.65 0.000 HOMO-3-LUMO 

S3(3.319) 373.62 0.002 HOMO-1-LUMO 

S4(3.527) 351.51 0.000 HOMO-4-LUMO 

S5(3.707) 334.51 0.002 HOMO-LUMO+1 

S6(3.871) 320.32 0.245 
HOMO-2-LUMO, 
HOMO-LUMO+5 

Methanol 529.5 

S1(2.294) 540.54 0.015 HOMO-LUMO 

S2(2.991) 414.51 0.000 
HOMO-3-LUMO, 
HOMO-1-LUMO 

S3(3.119) 397.50 0.000 
HOMO-3-LUMO, 
HOMO-1-LUMO 

S4(3.557) 348.54 0.000 HOMO-4-LUMO 

S5(3.904) 317.59 0.232 
HOMO-2-LUMO, 
HOMO-LUMO+4, 
HOMO-LUMO+5 

S6(3.954) 313.59 0.001 HOMO-LUMO+1 

 

 

Figure 12. The charge density of HOMO and LUMO orbitals and the excitation energy 
(∆E) of 2-ADMeP-CLA complex for the calculated λmax 320 and 550 nm in chloroform. 
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Figure 13. The charge density of HOMO and LUMO orbitals and the excitation energy 
(∆E) of 2-ADMeP-CLA complex for the calculated λmax 317 and 540 nm in methanol. 

 

 

Figure 14. The calculated electronic spectra of CT complex in (a) chloroform 
and (b) methanol. 

 
Figure 12 and Figure 13 represent the pictures of occupied and virtual mole-

cular orbitals of So→S1 and S0→S6 in chloroform and from S0→S1 and S0→S5 in 
methanol. In chloroform, the major transition is shown from HOMO→LUMO 
excitations, where the HOMO is localized on C=C, C=O, OH and chlorine atom, 
while the LUMO is localized on C-C, C=O and OH of CLA, suggesting that the 
computed transition at 550.64 nm is n-π*, while that at 320.32 nm is π-π* transi-
tion. Figure 13 represents the composition and virtual MOs in methanol for the 
first allowed transition at 317.59 nm, S0→S5, (taking into consideration the main 
transition (HOMO-2→LUMO). The HOMO and HOMO-2 are localized on 
carbonyl oxygen, chlorine and hydroxyl oxygen (π-electrons), while the LUMO 
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and LUMO+4 are localized on the π* of CLA, supporting that this transition is 
attributed to ICT, (π-π*) transition. For the second allowed transition band in 
methanol at 540.54 nm (So→S1), one can observe that both the HOMO and 
LUMO are mainly present on the n and π centres of CLA, confirming that the 
second band at 540.54 nm is attributed to internal n-π* transition through CLA. 
It is worth reporting that the interference of the different MOs in HOMO and 
LUMO confirms the presence of hydrogen bonding in the investigated com-
plex. 

3.11. Molecular Electrostatic Potential (MEP) 

MEP maps (Figure 15) are a good tool that describes the distribution of elec-
trostatic potential over the surface of a molecule that explores the electrophilic 
and nucleophilic attack regions and hydrogen bonding interaction. The elec-
trostatic potential is labelled by different colours where blue represents the posi-
tive region, green represents the neutral region and red represents the negative 
region. In our system, 2-ADMeP exhibited a red colour on the pyridinic like ni-
trogen supporting its contribution as hydrogen bond acceptor and n-donor 
(nucleophile). Orange colour is distributed among the pyridine ring confirming 
its contribution as π-donor in the studied CT reaction. Regarding CLA, one can 
see the blue colour on the OH groups supporting its consideration as H-bond 
donor (electrophile). On the other hand, the blue colour is distributed among 
the CLA ring confirming its capability as π acceptor. Considering the complex 
2-ADMeP-CLA, it has been found that the blue colour covers the pyridine ring 
with the disappearance of the red colour. On another hand, red and orange co-
lours cover the CLA part with the disappearance of the blue one. This confirms 
the charge transfer from the e-donor 2-ADMeP towards the e-acceptor CLA. 
Hence, the reported MEP maps revealed the existence of charge transfer besides 
hydrogen bonding in the studied complex, consisting of the previous results. 

4. Conclusion 

A charge and proton transfers complexation reaction of 2-amino-4,6-dime- 
thylpyridine as e-donor (proton acceptor) with chloranilic acid as e-acceptor 
(proton donor) was investigated in different solvents. The solution studies in-
cluded the observation of the CT band in different solvents; we got a new band 
at λmax more 500 nm where the reactants are not absorbed in this region. The 
molecular composition of the complex was found to be 1:1 (donor: acceptor) by 
job and spectrophotometric methods. The stability constant was determined in 
the investigated solvents; they exhibited high values, confirming the formation 
of a stable complex. The thermodynamic parameters were calculated where high 
interaction is recorded in chloroform. The solid complex has been synthesized 
and characterized by elemental analysis to be 1:1, in consistency with that in so-
lution. The formed complex has been characterized spectrophotometrically by 
infrared and NMR spectroscopies. They revealed the existence of charge transfer  
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Figure 15. MEP maps of CLA, 2-ADMeP and 2-ADMeP-CLA complex. 
 
and hydrogen bonding in the formed complex. Density functional theory (DFT) 
has been applied to support the experimental results. The corrected optimization 
energy, geometrical parameters, molecular electrostatic potential maps (MEP) 
and Mulliken atomic charges, strongly referred the high stability of the complex 
to the existence of charge transfer besides hydrogen bonding in the formed 
complex. The measured electronic spectra in chloroform and methanol were 
compared with the calculated values using TD-DFT at the same level of the 
theory. They came close to each other, supporting the precise computational 
analysis using the basis set 6-31G(d,p).  
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