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Abstract 

Atenolol (ATN) is -blocker medication widely used in the clinic to treat hypertension. In this study, complexation of ATN 

with three different acceptors, namely alizarin (AZ), alizarin red S (AZR), and 2,5-dihydroxy-p-benzoquinone (DHBQ) was 

investigated spectrophotometrically. It was found that ATN formed charge transfer (CT) complexes with AZ, AZR, and 

DHBQ in MeOH. The CT reaction conditions between ATN and each acceptor were comprehensively investigated. 

Moreover, the formation constants and other related spectrophysical parameters were determined. The stoichiometry of 1:1 

ratio was established for all studied complexes in MeOH using different methods. The optical band gap (Eg), which 

corresponds to the minimum energy required for the transition, was calculated by the optical absorption method. The values of 

Eg were found to be 2.02, 2.07, and 2.25 eV for the [ATN-AZ], [ATN-AZR], and [ATN-DHBQ] complexes, respectively. 

Solid complexes of ATN with these acceptors were effectively prepared and isolated. New bands in the FTIR spectra of the 

complexes were detected as a result of complexation. Additionally, the appearance of signals corresponding to the reactants in 
1H NMR spectra of the products confirmed the formation of ATN complexes. In addition to the CT reactions between ATN 

and each acceptor, both FTIR and 1H NMR analyses suggested the existence of proton transfer reactions. Based on the fast 

complexation of ATN with the studied acceptors in MeOH, three direct, simple, and sensitive spectrophotometric methods 

were developed for the quantitative determination of ATN in its pure form and in pharmaceutical formulations. Validation 

studies confirmed the remarkable accuracy and precision of the developed methods without any interference from tablet 

excipients.  

Keywords: Atenolol, Charge transfer, Validation, Alizarin, Proton transfer 

Introduction 

Cardiovascular diseases afflict a large number of 

people worldwide. Hypertension is the most common 

cardiovascular disorder, sometimes leading to stroke 

and other heart conditions. Numerous drugs for 

controlling hypertension have been developed, e.g., 

-adrenergic antagonists, -receptor antagonists, 

angiotensin-converting enzyme inhibitors, calcium 

channel blockers, and diuretics [1]. Atenolol (ATN), 

or 2-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy] 

phenyl}acetamide, is an example of a -blocker 

widely utilized for regulating the disease (Scheme 1). 

ATN does not exhibit membrane-stabilizing and 

intrinsic sympathomimetic effects [2,3]. It can be 

used alone or in combination with other agents to 

treat high blood pressure. It is also administered to 

prevent angina, migraines, and to improve survival 

following a heart attack [4]. Due to the extensive 

applications of ATN in the field of cardiology, and 

considering the risk associated with long-term use of 

the medicines, development of methods for the 

quantitative determination of ATN is essential.  

 

 

Scheme 1. Chemical structure of ATN drug. 

The British Pharmacopoeia (1988) [5] as well as the 

United States Pharmacopoeia (2009) [6] described 
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high-performance liquid chromatography (HPLC) as 

the official method for the detection of ATN. On the 

other hand, the Indian Pharmacopoeia (1996) [3], and 

the British Pharmacopoeia (2001) [7] recommended 

ultraviolet-visible (UV-vis) spectroscopy for the 

determination of ATN in tablets. In addition to these 

methods, several other analytical techniques were 

developed and reported for the assay of ATN in pure 

and dosage forms. These approaches include 

differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA) [8], 

electrophoresis [9-13], fluorometry [14, 15], Fourier-

transform infrared (FTIR) spectroscopy [16], gas 

chromatography (GC) [17, 18], HPLC [19], high 

performance thin layer chromatography [20, 21], 

potentiometry [22-24], voltammetry [25, 26], and 

derivative spectrophotometry [27, 28]. However, the 

majority of these methods are associated with several 

disadvantages, such as lengthy measurements, 

necessity for heat or extraction steps, use of large 

amounts of expensive reagents, poor sensitivity, and 

requirement for complex apparatus. 

In analytical chemistry, simple, fast, accurate, 

and sensitive spectrophotometric methods are highly 

desirable for routine drug analysis in control 

laboratories. Several visible spectrophotometric 

approaches have been reported for the determination 

of ATN in pharmaceutical formulations [4, 29-39]. 

Upon the formation of a charge transfer (CT) 

complex, an electronic charge is transferred from an 

electron donor molecule to an electron acceptor. 

Consequently, the donor becomes partially positively 

charged, whereas the acceptor exhibits a negative 

charge. Moreover, a weak electrostatic bond is 

formed between the molecules, resulting in the 

generation of an intensely colored product. A number 

of drugs are considered as good donors; therefore, it 

was speculated that effective spectrophotometric 

methods could be developed based on the rapid 

formation of CT complexes. 

Alizarin (AZ) and alizarin red S (AZR), have 

been employed as electron acceptors for the 

spectrophotometric determination of various 

pharmaceutical compounds [40-48]. In addition, 2,5-

dihydroxy-p-benzoquinone (DHBQ), an electron 

acceptor, was reported to form a colored CT complex 

with different amines [49, 50]. In the present study, 

these acceptors were shown to rapidly react with 

ATN at room temperature to form colored ion-pair 

complexes, which could be accurately detected by 

spectrophotometry. To the best of our knowledge, the 

current work is the first report on the use of AZ, 

AZR, as electron acceptors for the determination of 

ATN. Furthermore, DHBQ has not been previously 

investigated as a chromogenic reagent for the 

detection of any drugs. Thus, we aimed to develop 

simple and rapid spectrophotometric methods for the 

quantitative determination of ATN in its pure form 

and in pharmaceutical formulations. The synthesis 

and characterization of the solid CT complexes 

consisting of ATN and each electron acceptor were 

essential to elucidate the nature of their interactions. 

Elemental analysis, electronic absorption 

spectrophotometry, FTIR, and 1H NMR spectroscopy 

were used to characterize the obtained CT complexes. 

 

Experimental 

Materials and standard solutions 

The chemicals used were of analytical grade and 

highest purity. ATN (C14H22N2O4) was obtained from 

Acros Organics. The acceptors, i.e., AZ, 1,2-

dihydroxyanthraquinone (C14H8O4), AZR, 

(C14H8O7S), and DHBQ (C6H4O4) were purchased 

from Sigma-Aldrich. HPLC grade methanol (MeOH) 

was obtained from Fisher Scientific. Stock solutions 

of ATN (5.0  103 mol L1 and 200 g mL1) were 

prepared in MeOH. Standard stock solutions of AZ 

and AZR (1.0  103 mol L1) and of DHBQ (5.0  

103 mol L1) were also prepared in MeOH. All 

solutions were stored in a dark and cold place. The 

standards were stable for at least three days.  

 

Apparatus 

The electronic absorption spectra of ATN, AZ, AZR, 

DHBQ, and the formed CT complexes were 

measured over a wavelength range of 350700 nm 

using a Shimadzu UV-1800 (Japan) 

spectrophotometer equipped with a quartz cell with a 

path length of 1.0 cm. The spectrophotometer was 

connected to a Shimadzu TCC-ZUOA temperature 

controller unit. The IR spectra of the solid CT 

complexes were recorded on Frontier 

spectrophotometer (PerkinElmer, USA). The 1H 

NMR (700 MHz) spectra were obtained using a 

Bruker DPX spectrometer. The elemental analysis 

(CHN) was conducted with the Micro Analyzer 2400 

(Perkin Elmer, USA).  

 

Construction of calibration curve  

Different volumes of the standard ATN solution were 

transferred to a series of 10-mL calibration flasks to 

obtain the final concentration ranges (1.00160 g 

mL1). Subsequently, 2 mL of 1.0 × 103 mol L1 AZ 

or AZR solutions, or 1 mL of 5.0 × 103 mol L1 

DHBQ solution was added to each flask. The drug-

acceptor mixture was then diluted with MeOH. The 

absorbance of all solutions was recorded at 528, 537, 

and 487 nm for AZ, AZR, and DHBQ, respectively, 
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against acceptor blank. The absorbances of all 

solutions were plotted against ATN to construct the 

calibration curves.  

 

Preparation of the pharmaceutical samples  

The following pharmaceutical forms of ATN were 

obtained from the local pharmacy and subjected to 

analysis: Tenormin tablets (50 mg ATN per tablet) 

from AstraZenerca, UK, and Tensotin tablets (50 mg 

ABZ per tablet) from Julphar Gulf Pharmaceutical 

Industries, UAE. Ten tablets of each drug were 

weighed and ground to a powder. Accurately 

weighed portions of the powders equivalent to 50 mg 

of ATN was dissolved in 50 mL of MeOH. The 

solutions were then stirred for 30 min. Lastly; the 

solutions were filtered and diluted to 100 mL with 

MeOH to have a final concentration of 500 g mL1. 

Aliquots from each solution were used for analysis 

employing the proposed methods. 

 

Synthesis of the solid CT complex  

Three solid CT complexes of ATN with AZ, AZR, 

and DHBQ were synthesized by dissolving 0.2 mmol 

of each reactant in 20 mL MeOH. The ATN solution 

was added to the solution of each acceptor and 

stirring for 3 h. The solvent was then evaporated at 

room temperature. The resulting solid products were 

collected, washed with MeOH, and stored in a 

desiccator for several days.  

 

Results and discussion 

Electronic absorption spectra 

The electronic absorption spectra of ATN (5.0 × 104 

mol L1), AZ (1.0 × 104 mol L1), AZR (1.0 × 104 

mol L1), and DHBQ (5.0 × 104 mol L1), as well as 

those of the resulting CT complexes in MeOH were 

recorded in the region of 350700 nm at 20  2 C 

(Figure 1). Notably, new absorption bands were 

detected in the spectra of the formed complexes in 

the regions, in which neither the donor nor the 

acceptors exhibited any bands. These CT bands were 

found at max 533, 536, and 487 nm for [ATN-AZ], 

[ATN-AZR], and [ATN-DHBQ], respectively, and 

were attributed to the * transitions. A noticeable 

change in the color of the solutions was observed 

upon mixing of ATN donor with each -acceptor 

(i.e., AZ, AZR, or DHBQ) in MeOH. Importantly, 

the spectra of all CT complexes were measured 

against each acceptor as blank to eliminate a possible 

overlap between the complex and acceptor bands. It 

was previously reported that in polar solvents, CT 

reactions produce radical ions of the donor and 

acceptor. On the other hand, in non-polar solvents, 

outer sphere CT complexes, which include hydrogen 

bonding, are the major products [50]. Accordingly, 

the intense color of the new CT complexes was a 

result of the formation of radical ions of the reactants 

as well as the total transfer of the charge from ATN 

to the acceptor. It is noteworthy that the absorbances 

of the CT complexes increased with increasing 

concentration of ATN, which confirms the stability of 

the formed complexes (Figure 2). 
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Figure 1. Electronic absorption spectra of ATN 

complexes with AZ, AZR, and DHBQ in MeOH at 20  

2 C. 



 Reem Mohammad Alghanmi. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No. 1 (2021) 

 

 

464 

 

Wavelength (nm)

400 500 600 700

A
bs

or
ba

nc
e

0.0

0.1

0.2

0.3

0.4

0.5 5.0x10
-5

 mol L
-1

1.0x10
-4

 mol L
-1

1.5x10
-4

 mol L
-1

2.0x10
-4

 mol L
-1

2.5x10
-4

 mol L
-1

3.0x10
-4

 mol L
-1

3.5x10
-5

 mol L
-1

4.0x10
-4

 mol L
-1

4.5x10
-4

 mol L
-1

5.0x10
-4

 mol L
-1

 

 
Figure 2. Electronic absorption spectra of [ATN-DBQ] 

complex in MeOH. 

 

Optimization of the CT reaction conditions  

We subsequently investigated the optimum 

conditions affecting the stability of the formed CT 

complexes. Each condition was individually changed 

while keeping the others constant. The optimum 

reaction time was evaluated by measuring the 

absorbance of the CT complexes at room temperature 

(20 ± 2 °C). The highest absorbance was detected 

immediately after adding the acceptor solution (AZ, 

AZR, or DHBQ). Moreover, no increase in the 

complex absorbance was observed with the increase 

of the reaction time (Figure 3). Thus, the absorbance 

was recorded immediately after mixing ATN with 

each acceptor. Furthermore, the optimal temperature 

was tested by recording the absorbance of the CT 

complexes over the temperature range of 20 C to 45 

(Figure 4). It is evident from Figure 4 that the 

absorbances of [ATN-AZ] and [ATN-AZ] decreased 

with increasing temperature, while the absorbance of 

[ATN-DHBQ] was constant over the studied 

temperatures. Hence, 20 C (293 K) was the optimal 

temperature for all ATN complexes. 
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Figure 3. Effect of time on the absorbance of ATN 

complexes in MeOH at 20  2 C. 
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Figure 4. Effect of temperature on the absorbance of 

ATN complexes in MeOH. 

ATN and the studied acceptors exhibited limited 

solubility in non-polar solvents. Therefore, the CT 

reaction of the drug with different acceptors was 

investigated just in polar-solvents, such as ethanol 

(EtOH), MeOH, and acetonitrile (MeCN). Table 1 

demonstrates the spectral characterization data for 

ATN complexes formed in the above solvents. 

Utilizing MeOH resulted in the formation of complex 

with the highest color intensity; thus, this solvent was 

selected for all CT reactions. We then also evaluated 

suitable acceptor concentration. It was found that 

using 2.0 mL of 1.0 × 103 mol L1 AZ or AZR 

solutions, or 1.0 mL of a 5.0 × 103 mol L1 DHBQ 

solution afforded the maximum stable absorbance 

(Figure 5). 
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Figure 5. Effect of acceptor concentration on the 

absorbance of ATN complexes in MeOH at 20  2 C. 
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Stoichiometry of the CT reaction 

The stoichiometry of the complexes of ATN with 

AZ, AZR, or DHBQ in MeOH was estimated 

employing Job's method of continuous variation [51], 

spectrophotometric titration, and conductometric 

titration. The Job’s method was performed using 

equimolar concentrations of the drug and each 

acceptor (1.0 × 103 and 1.0 × 104 mol L1 for 

reactions with AZ, AZR, and DHBQ, respectively). 

Spectrophotometric titration was conducted by 

recording the absorbances of the CT complexes at 

different molar ratios. Furthermore, for 

conductometric titrations, 25 mL of a 1.0 × 104 mol 

L1 of ATN solution was titrated with 1.0 × 103 mol 

L1 solution of each acceptor at 20 C using a 

conductivity cell exhibiting a cell constant (K) of 

0.96 cm1. Subsequently, the conductivity was 

recorded after each addition of the acceptor solution 

at 2 min intervals. The stoichiometry was determined 

by plotting the volume of the acceptor against the 

recorded conductivity. 

The plots obtained for each approach are 

demonstrated in Figure 6 (a, b, and c for Job’s 

method, photometric titration, and conductometric 

titration, respectively). The Job's plot reached the 

highest value at a mole fraction of 0.5 for 

complexation of ATN with AZ, AZR, or DHBQ, 

indicating a molar reaction ratio of 1:1 between the 

drug and acceptors. A similar observation was made 

for both photometric and conductometric titration 

plots. Based on this data, the strongest interaction 

between ATN and the -acceptors occurred at a 1:1 

ratio (Figure 6).  
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Figure 6. The stoichiometric ratio of the interaction 

between ATN and AZ, AZR, or DHBQ using: (a) Job’s 

method, (b) photometric titration, and (c) 

conductometric titration, in MeOH at 20  2 C. 

 

Table 1. Effect of solvent on the spectral 

characterization of the ATN complexes. 

Acceptor Solvent ATN 

Conc. 

(mol 

L1) 

Absorbance   

(L mol1 

cm‒1) 

 

AZ 

EtOH 5.0  

104 

0.387 774 

MeOH 5.0  

104 

0.952 1904 

MeCN 5.0  

104 

0.157 314 

 

AZR 

EtOH 5.0  

104 

0.222 444 

MeOH 5.0  

104 

0.350 700 

MeCN 5.0  

104 

0.150 304 

 

DHBQ 

EtOH 5.0  

104 

0.579 1158 

MeOH 5.0  

104 

0.595 1190 

MeCN 5.0  

104 

0.265 530 
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Determination of the formation constant and 

molar extinction coefficient 

The stability of the new ATN complexes was 

estimated by calculating the formation constant, KCT 

(L mol1), and the molar extinction coefficient,  (L 

mol1 cm1). Benesi-Hildebrand equation [52] was 

used to calculate KCT and  by measuring the 

absorbance of the ATN complexes formed by the 

additions of different concentrations of the drug to a 

certain concentration of each acceptor as follows: 



111


DCT

A

CKAbs

C                       (1)                                                                                                        

In the above equation, CA and CD indicate the initial 

concentrations of the acceptor and ATN, respectively, 

while Abs is the absorbance of the CT complex at 

max. Straight lines were obtained when CA/Abs was 

plotted against 1/CD, and the correlation coefficient (r 

 0.9875), confirmed the formation of 1:1 CT 

complexes (Figure 7). The KCT and  values for all 

ATN complexes are summarized in Table 2. All ATN 

complexes recorded high KCT and  values, which 

demonstrated the high stability of the CT complexes 

in MeOH. Notably, the [ATN-AZR] complex 

displayed the highest KCT and the lowest , whereas 

the lowest value of KCT and the highest value of  

were recorded for [ATN-DHBQ] complex. 
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Figure 7. Benesi-Hildebrand plots for the ATN CT 

complexes in MeOH 

 

Determination of the spectroscopic parameters  

The spectroscopic parameters, including the CT 

energy, ECT (eV), the ionization potential of the donor 

(i.e., ATN), ID (eV), the oscillator strength, f, 

transition dipole m

energy, RN (eV), and the standard free energy change, 

G (kJ mol1), were calculated for all ATN 

complexes according to a previously described 

methods [53-59]. The following equations were used 

to obtain the desired parameters: 

)(

667.1243

nm
E

CT

CT


                                                      (2) 

CTDI  41053.176.5                                         (3) 

 2/1

910319.4   

CTf                                        (4) 

  2/1

2/1 /0958.0 CTCT                                       (5) 

]5.3]/[/[107.7 4  NCTCT Rh                                     (6)
 

CTKRTG log303.2 

                                                  (7) 

                                                                                                              

Table 2. Spectal data of ATN complexes with different acceptors in MeOH. 

Acceptor C
o

A
 

(mol L1)
 

C
o

D 

(mol L1)
 

 

Absorbance 

KCT 

(L mol 1)
 

 

(L mol1 cm‒1) 

R2 

 

AZ 

 

At 293 K  at λCT (533 nm)    

2.0  104 2.5  105 0.124 2.50 × 103 10.0 × 103 0.9964 

2.0  104 5.0  105 0.223    

2.0  104 7.5  105 0.357    

2.0  104 1.0  104 0.418    

2.0  104 1.3  104 0.466    

2.0  104 1.5  104 0.588    

2.0  104 2.0  104 0.673    

2.0  104 2.5  104 0.753    

2.0  104 3.0  104 0.788    

2.0  104 3.5  104 0.817    

2.0  104 4.0  104 0.862    
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Table 3. The spectroscopic physical parameters of the ATN complexes in MeOH. 

Complex λ CT (nm) 
ECT 

(eV) 

ID 

(eV) 
f 

 
(Debye) 

RN 

(eV) 

 G 

(kJ mol1) 

[ATN-AZ] 533 2.33 8.63 1.35 12.4 5.31 19.40 

[ATN-AZR] 536 2.32 8.61 0.80 9.53 3.33 21.12 

[ATN-DHBQ] 487 2.55 8.90 0.91 9.70 3.77 13.22 

The values of the calculated spectroscopic 

parameters are presented in Table 3. The ECT values 

in Table 3 were low and differed between the three 

ATN complexes, indicating that the CT transition in 

these complexes depended on the nature of the 

acceptors. The ID values were also relatively low and 

consistent with the high values of KCT. It is 

noteworthy that the ID value reflects the donating 

power of the donor (ATN). The donating power of 

ATN and the stability of the complexes increased 

with decreasing ID value. The high stability of the 

[ATN-AZR] complex was a result of strong 

interactions between the ATN and acceptor radical 

ions [60]. 

All studied complexes exhibited high f, , 

and RN parameter values, indicating the presence of 

strong CT interactions between the ATN and each 

acceptor. The parameters were the highest for the 

[ATN-AZR] complex, and the lowest values for the 

[ATN-DHBQ] complex. As shown in Figure 8, the 

value of f strongly correlates with  (R = 0.9906) and 

RN (R = 0.998). On the other hand, there was no 

correlation between f and KCT or CT. Finally, 

negative ΔG° values were obtained for all ATN 

complexes (Table 3), suggesting that the reaction 

between ATN and the corresponding acceptors was 

spontaneous. The ΔG° value became more negative 

in the same order as the KCT value of all ATN 

complexes.   

2.0  104 5.0  104 0.952    

AZR 

At 293 K  at λCT (536 nm)    

2.0  104 5.0  105 0.100 5.00 × 103 2.50 × 103 0.9875 

2.0  104 7.5  105 0.135    

2.0  104 1.0  104 0.163    

2.0  104 1.3  104 0.174    

2.0  104 1.5  104 0.223    

2.0  104 2.0  104 0.237    

2.0  104 2.5  104 0.291    

DHBQ 

At 293 K  at λCT (487 nm)    

5.0  104 7.5  105 0.090 2.70 × 102 12.00 × 103 0.9920 

5.0  104 1.0  104 0.106    

5.0  104 1.3  104 0.147    

5.0  104 1.5  104 0.176    

5.0  104 1.8  104 0.206    

5.0  104 2.0  104 0.262    

5.0  104 2.5  104 0.300    

5.0  104 3.0  104 0.368    

5.0  104 3.5  104 0.429    

5.0  104 4.0  104 0.476    

5.0  104 5.0  104 0.595    

5.0  104 5.5  104 0.637    
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Figure 8. Linear correlations of the oscillator strength (f) with the transition dipole moment (), and the resonance 

energy (RN). 

Determination of the optical band gap Eg 

The energy difference between the top of the 

valence band and the bottom of the conduction band 

is called the “band-gap.” The band-gap energy (Eg) is 

the minimum amount of energy required by an 

electron to transfer from the valence band to the 

conduction band [61]. In an absorption process, an 

electron is excited from a lower to a higher energy 

level, i.e., the absorption edge, by absorbing a photon 

with a specific energy. The optical absorption near 

the absorption band edge can be used to estimate Eg 

and confirm the formation of CT complex. The 

absorption coefficient () can be determined from the 

transmittance T of the complex, according to the 

following equation expresses it: 











T
lin

d

11
                                             (8) 

where d is the thickness of the sample. On the other 

hand, the band-gap of CT complex can be determined 

from the relationship between  and Eg according to 

the following equation [62]: 

m

gEhAh )(                                     (9) 

where m equals to ½ and 2 for direct and indirect 

transition, respectively, whereas A indicates an 

energy-independent constant. As demonstrated in 

Figure 9, for each complex, the values of (h)2 were 

plotted against hv. The direct optical band-gap Eg 

was determined from the linear sections of the plots 

at the absorption edge where (h)2 = 0 [61], and its 

values were found to be 2.02, 2.07, and 2.25 eV for 

[ATN-AZR], [ATN-AZ], and [ATN-DHBQ], 

respectively. These values indicate the 

semiconducting behavior of the new ATN complexes 

[63, 64]. Moreover, the dependence of Eg value on 

the nature of the acceptor was evidenced by the 

difference in the obtained values. 

Validation of the methods 

Based on the formation of stable colored 

complexes of ATN with AZ, AZR, or DHBQ, three 

spectrophotometric methods were developed to 

determine the concentration of the drug in the pure 

and in pharmaceutical dosage. The linearity, 

accuracy, precision, robustness, sensitivity, and 

recovery of the proposed methods were evaluated 

according to the International Conference on 

Harmonization (ICH) guidelines [65]. Linearity, 

regression equations, and sensitivity parameters of 

the methods are summarized in Table 4. The methods 

were found to be linear over the ranges of 1.0150, 

1.080, and 1.0150 g mL1 for AZ, AZR, DHBQ 

acceptors, respectively, with excellent correlation 

coefficient values (R  0.994). In addition, the LOD 

and LOQ values listed in Table 4 were small, which 

indicated the sensitivity of the developed methods. 

Intra-day and inter-day analyses were conducted to 

determine the accuracy and precision of the methods, 

and the results of the evaluation are shown in Table 

5. The values of recovery percentage, %RSD, and 

%RE in Table 5 suggested the high repeatability and 

reproducibility of the methods. The robustness of the 

methods was examined by investigating the influence 

of small variations in the variables, such as reagent 

volume ( 0.1 mL) and time ( 0.50 min). The 

obtained data are demonstrated in Table 6. The 

results showed that during the determination of ATN, 
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the proposed methods were not significantly affected 

by the variations in the variables. 

The methods were further validated by performing a 

recovery study. Three different concentration levels 

(50%, 100%, and 150%) of the standard pure ATN 

solution were added to the sample solution of the 

pharmaceutical drug (Tenormin and Tensotin 

tablets). The total concentration was determined 

using the methods. The recovery percentages in Table 

7 were ranged from 99.20 % to 101.1 % for all three 

acceptors, with %RSD values of  1.47 %. These 

outcomes confirmed that the co-formulated materials 

and common ingredients did not interfere with the 

ATN assay. 

 h (eV)
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Figure 9. Plots of photon energy (h) against (h)2 for 

the ATN complexes in MeOH. 

  

Application of the proposed methods 

The developed methods were utilized to 

determine the concentration of ATN in the 

Tenormin and Tensotin tablets. Tables 8 and 9 

demonstrated the results of the analyses for the 

Tenormin and Tensotin tablets as ATN 

concentration  standard deviation, respectively. 

Statistical comparison of the results obtained by three 

developed methods and those of the reference method 

[3] was carried out using F-test and student’s t-test. 

The calculated F and t values were lower than the 

tablet values of F and student’s t-test at 95 % 

confidence level which implied that there was no 

Table 4. Linearity, regression equation and sensitivity parameters of the proposed methods (n = 7). 

Parameter Acceptor 

AZ AZR  DHBQ 

Conc. of acceptor, mol L1 1  103  1  103  5  103  

Volume of acceptor, mL 2 2 1 

Temperature 20±2 C 20±2 C 20±2 C 

Reaction time, min 1 1 1 

Wavelength (max), nm 533 536 487 

Linear range, µg mL1 1.00-150 1.00-80.8 1.00-150 

Molar absorptivity (), L mol1 cm1 501 872 1186 

Limit of detection (LOD), µg ml1 1.078 1.641 1.343 

Limit of quantification (LOQ), µg ml1 3.592 4.973 4.007 

Regression equationa 

Intercept, a±Sa 0.0001±9.76×104 0.028±1.628×103 0.0075±1.81×103 

Slope, b ± Sb 0.0019±6.76×106 0.033±0.037×103 0.0045±2.54×105 

Sy/x 1.63 ×103 2.95 ×103 4.34 ×103 

Correlation coefficient, R 0.9998 0.9994 0.9997 

Stability of colored product (h) 2 2 2 
a A= a + bC, where A is the absorbance, C is the ATN concentration in (µg ml-1), a is the intercept and b is the slope. 
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significant difference between the proposed and 

reference methods.  

 

Characterization of the solid CT complexes 
A saturated solution of ATN was reacted 

with each of the three acceptors in MeOH, forming 

intensely colored solid products. These complexes 

were characterized by elemental analysis, FTIR 

spectroscopy, and 1H NMR spectroscopy to confirm 

the complexation and to locate the position of the 

interaction between ATN and the acceptors. The 

donor: acceptor molar ratio for the complexes was 

1:1 based on the elemental analysis results illustrated 

in Table 10 

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5: Evaluation of intra-day and inter-day accuracy and precision. 

 

Acceptor 

ATN 

taken, 

µg mL1 

Intra-day (n = 5) Inter-day (n = 3) 

Found, µg mL1   

±Confidence limitsa 

%Recovery  %RSDb %REc Found, µg mL1    

±Confidence limitsa 

%Recovery  %RSDa %REb 

 

 

AZ 

60 29.82 ± 0.62  99.39 1.67 0.61 29.45 ± 0.78  98.18 1.07 1.82 

80 49.64 ± 0.62  99.27 1.00 0.73 49.27 ± 2.26 98.55 1.85 1.45 

100 69.64 ± 0.62  99.48 0.72 0.52 69.58 ± 3.45  99.39 2.00 1.61 

120 89.10 ± 1.24 98.99 1.12 1.01 89.58 ± 3.45 99.53 1.55 0.47 

 

AZR 

8 7.982 ± 0.03 99.77 0.34 0.22 8.060 ± 0.07 100.8 0.34 0.79 

15 15.05 ± 0.05 100.3 0.24 0.31 15.09 ± 0.10 100.6 0.26 0.62 

18 17.97 ± 0.11  99.85 0.48 0.15 18.20 ± 0.21 101.1 0.47 1.10 

25 25.08 ± 0.06 100.3 0.20 0.32 25.09 ± 0.10 100.4 0.16 0.37 

 

 

DHBQ 

45 5.95 ± 0.02  99.17 0.34 0.83 5.94 ± 0.12  99.02 0.77 0.98 

65 7.97 ± 0.04  99.61 0.52 0.87 7.91 ± 0.24  99.64 1.18 0.36 

85 11.88 ± 0.08 98.98 0.64 1.02 11.93 ± 0.24 99.38 0.79 0.62 

105 16.82 ± 0.17 98.95 0.95 1.04 16.96 ± 0.28 99.74 0.67 0.26 

a Average 

n

SDt 05.0 , at 95% confidence level, b %RSD, relative standard deviation; c %RE, relative error. 
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Table 6: Robustness of the proposed methods.   

Acceptor Parameter ATN taken, µg 

mL1 

Found, µg mL1 

±SD 

%Recovery  %RSD 

AZ 

(n = 5) 

Volume of 5×10-4 mol L1 AZ (2.0 ± 0.1 

mL) 

60 59.48 ± 0.40 99.14 0.67 

 80 79.27 ± 0.83 99.09 1.05 

 100 100.4 ± 0.70 100.4 0.69 

 120 119.2 ± 0.66 99.31 0.55 

Reaction time (1.00 ± 0.50 min) 60 59.11 ± 0.29 98.51 0.48 

 80 79.21 ± 0.80 99.01 1.01 

 100 100.4 ± 0.79 100.8 0.47 

 120 119.1 ± 0.60 99.25 0.50 

AZR 

(n = 5) 

Volume of 5×10-4 mol L1 AZR (2.0 ± 

0.1 mL) 

30 29.79 ± 0.40 99.29 1.33 

 50 50.03 ± 0.34 100.0 0.68 

 70 70.33 ± 0.82 100.5 1.16 

Reaction time (1.00 ± 0.50 min) 30 30.21 ± 0.25 100.7 0.84 

 50 49.94 ± 0.54 99.88 1.08 

 70 70.48 ± 0.68 100.7 0.97 

DHBQ 

(n = 5) 

Volume of 1×10-4 mol L1 DHBQ (1.0 ± 

0.1 mL) 

45 44.98 ± 0.27 99.95 0.61 

 65 65.42 ± 0.29 100.4 0.44 

 85 85.48 ± 0.18 100.6 0.22 

 105 105.6 ± 0.42 100.6 0.39 

Reaction time (1.00 ± 0.50 min) 45 45.29 ± 0.25 100.6 0.56 

 65 65.56 ± 0.25 100.8 0.39 

 85 84.90 ± 0.47 99.88 0.56 

 105 105.9 ± 0.36 100.9 0.34 
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Table 7: Results of recovery study for Tenormin and Tensotin tablets. 

Tablet Acceptor ATN in tablet, 

µg mL1 

Pure ATN added,   

µg mL1 

Total found, µg mL1 

± SD 

%Recovery  %RSD 

  
  

  
  

  
  

  
  

  
  

  
  

  
T

en
o

rm
in

 

AZ 

(n = 5) 

40.00 20.00 60.16 ± 0.88 100.3  1.46 

40.00 40.00 80.58 ± 0.94 100.7  1.17 

40.00 60.00 100.3 ± 0.96 100.3  0.95 

AZR 

(n = 5) 

20.00 10.00 30.21 ± 0.25 100.7 0.84 

20.00 20.00 40.09 ± 0.54 100.2 1.35 

20.00 30.00 49.70 ± 0.34 99.39 0.68 

DHBQ 

(n = 5) 

40.00 20.00 59.60 ± 0.29 99.33 0.49 

40.00 40.00 80.09 ± 0.35 100.1 0.44 

40.00 40.00 99.20 ± 0.52 99.20  0.52 

  
  

  
  

  
  

  
  

  
  

  
  

  
T

en
so

ti
n
 

AZ 

(n = 5) 

40.00 20.00 59.94 ± 0.83 99.91  1.39 

40.00 40.00 80.58 ± 0.91 100.7  1.07 

40.00 60.00 101.1 ± 0.86 101.1  0.86 

AZR 

(n = 5) 

20.00 10.00 29.85 ± 0.37 99.49 1.24 

20.00 20.00 39.79 ± 0.33 99.47 0.84 

20.00 30.00 50.06 ± 0.30 100.1 0.59 

DHBQ 

(n = 5) 

40.00 20.00 59.73 ± 0.34 99.56  0.56 

40.00 40.00 80.10 ± 0.35 100.1  0.44 

  40.00 60.00 100.5 ± 0.65 100.5  0.64 

 

Table 8: Determination of ATN in Tenormin tablets using AZ, AZR, and DHBQ accceptors. 

Acceptor ATN in 

tablet 

[taken], 

µg mL1 

Found*, µg mL1 ± SD %Recovery F-test t-test 

Proposed 

method 

Reference 

method [3] 

Proposed 

method 

Reference 

method [3] 

AZ 60 59.63 ± 0.71 58.89 ± 0.64 99.38 98.16 1.200 0.785 

AZR 50 49.88 ± 0.27 49.48 ± 0.50 99.76 98.97 3.375 1.014 

DHBQ 60 60.22 ± 0.60 60.40 ± 0.78 100.4 100.7 1.685 0.174 

*Average value of five determinations. 

The value of t (tabulated) at 95% confidence level is 2.306. 
The value of F (tabulated) at 95% confidence level and is 6.388. 

 

Table 9: Determination of ATN in Tensotin tablets using AZ, AZR, and DHBQ accceptors. 

Acceptor ATN in 

tablet 

[taken], 

µg mL1 

Found*, µg mL1 ± SD %Recovery F-test t-test 

Proposed 

method 

Reference 

method [3] 

Proposed 

method 

Reference 

method [3] 

AZ 60 59.42 ± 0.91 58.89 ± 0.64 99.04 98.16 2.000 1.879 

AZR 50 49.89 ± 0.27 49.63 ± 0.50 99.75 99.27 3.375 1.014 

DHBQ 60 60.44 ± 0.62 60.71 ± 0.67 100.7 101.2 1.179 0.297 

*Average value of five determinations. 

The value of t (tabulated) at 95% confidence level is 2.306. 

The value of F (tabulated) at 95% confidence level and is 6.388. 
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Table 10. Elemental analysis data of the synthesized complexes. 

Complex Molecular 

formula 

M.wt 

g mol1 

Elemental analysis Molar 

ratio 
C% H% N% 

Found Calc. Found Calc. Found Calc. 

ATN-free C14H22N2O4 266.34 62.91 63.13 8.26 8.33 10.31 10.52  

ATN-AZ C28H30N2O7 506.55 66.22 66.39 5.88 5.97 5.34 5.53 1:1 

ATN-AZR C28H30N2O10S 586.61 57.42 57.33 5.07 5.15 4.65 4.78 1:1 

ATN-

DHBQ 

C20H26N2O7 406.43 59.17 59.10 6.32 6.45 6.77 6.89 1:1 

FTIR spectra 

The FTIR spectra of ATN, as well as the 

three solid complexes, were measured using a KBr 

disk in the region of 4000400 cm1 (Figure 10). It is 

noteworthy that in the solid-state, the ATN drug 

exhibited two intramolecular H-bonds. The first one 

was between the NH2 and C=O moieties, while the 

second was between the NH and OH groups [66]. 

Thus, the FTIR spectrum of free ATN displayed two 

characteristic bands at 3350 and 3162 cm1, which 

corresponded to the stretching vibration of OH, 

NH2, and NH groups [67, 68]. In spectra of the 

complexes (Figure 10), the main IR bands of ATN 

and those of the studied acceptors shifted to lower or 

higher wavenumbers compared with those of free 

reactants. In addition, the intensities of the bands also 

changed, which confirming complexation between 

the ATN and the acceptors.  

 The FTIR spectrum of the [ATN-AZ] 

complex shows a change in the intensity of the 

stretching vibration bands of ATN at 3350 and 3162 

cm1. Those bands became weaker and shifted to 

3353 and 3170 cm1, respectively, in the complex 

spectrum. An important observation in the spectrum 

of [ATN-AZ] was also the disappearance of the 

(OH) band ascribed to the AZ acceptor [69]. 

Moreover, a redshift of (NH) band from 3162 cm1 

in the spectrum of ATN to 3170 cm1 in the spectrum 

of the complex was noted. These results confirmed 

the migration of a proton from the OH moiety of AZ 

to the amide group of ATN. The as and s bands 

corresponded to the CH3 groups of free ATN at 2964 

and 2924 cm1, respectively, shifted to higher 

wavenumbers (i.e., 2967 and 2937 cm1). 

Furthermore, the (CH2) band at 2866 cm1 shifted 

to a lower wavenumber of  2700 cm1. The band 

also appeared weaker and broader in the complexes 

spectrum. These changes could be explained by the 

occurrence of proton transfer from AZ to ATN. 

Another important observation in the spectrum of 

[ATN-AZ] was the appearance of the (C=O) bands, 

which were ascribed to the anthraquinone moiety as a 

small shoulder at 1661 cm1 and medium band at 

1634 cm1. In contrast, two strong bands at 1669 and 

1634 cm1 were detected for (C=O) in the spectrum 

of AZ alone [70]. These outcomes suggested the 

involvement of one carbonyl group of AZ in an H-

bond with the OH group in ATN. Additionally, the 

(OH) band of free ATN (1300 cm1) was blue-

shifted in the spectrum of the complex (1281 cm1), 

which could be explained by the formation of a H-

bond between the OH group of ATN and the 

carbonyl functionality of AZ.  

 Significant changes in the ATN stretching 

bands at 3350 and 3162 cm1 were observed in the 

spectrum of the [ATN-AZR] complex. The first band 

was split into two and became weaker, whereas the 

second sifted to 3217 cm1. On the other hand, the 

(OH) band of AZR at 3460 cm1 [70] was not 

visible in the spectrum of the [ATN-AZR] complex. 

These changes indicated a proton migration from the 

hydroxyl group of AZR to the NH moiety of ATN. 

Moreover, a change in the strong (C=O) bands of 

AZR at 1666 and 1634 cm1 [75] were noted in the 

spectrum of the [ATN-AZR] complex. The first band 

appeared as a very weak shoulder, while the second 

became medium in intensity. Thus, the formation of a 

H-bond between the carbonyl group of AZR and the 

OH group of ATN was expected. Furthermore, the 

(OH) band of ATN shifted from 1300 to 1266 cm1 

in the spectrum of [ATN-AZR], confirming the 

presence of H-bonding between ATN and AZR.  

As shown in Figure 10, the spectrum of 

[ATN-DHBQ] complex exhibited a noticeable 

change in the stretching vibrations region between 

3400 and 2500 cm1 compared with the spectra of 

[ATN-AZ] and [ATN-AZR] complexes.  The sharp 

stretching vibration band corresponding to both 

hydroxyl and amino moieties of free ATN shifted to 

lower wavenumber (3306 cm1) compared with that 

of free ATN (3350 cm1). In addition, a new 

stretching vibration band was observed in the 

spectrum of [ATN-DHBQ] at 3156 cm1 instead of 

the stretching vibration bands corresponding to the 

amide and methyl groups at 3162, 2964, and 2924 

cm−1 in the ATN spectrum. The new band was 

attributed to the proton transfer from the OH group of 
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DHBQ to the amide nitrogen of ATN, leading to the 

reduction of the amino and methyl vibrational bands 

[71]. Another band in the spectrum of the complex 

was detected at 2678 cm1 and was ascribed to 

aliphatic (CH2) and (CH) of the ATN. Moreover, 

the spectrum of [ATN-DHBQ] also exhibited a 

strong band at 1488 cm−1, which corresponded to the 

overlap between δ(OH) and ν(C=C) of DHBQ. The 

shift of the ν(C=O) band of DHBQ from 1710 to 

1688 cm−1 in the spectrum of the complex is also 

noteworthy (Figure 10). It was a result of the H-

bonding interaction between the carbonyl group of 

DHBQ and the aliphatic OH moiety of ATN. 

  
 

 
Figure 10. FTIR spectra of the ATN drug and its solid complexes in region 4000400 cm1. 

Finally, the key finding in the spectra of all 

ATN complexes was the broad absorption extending 

from 1400 to 400 cm−1, which was due to the 

formation of H-bonds in all complexes [71]. Thus, as 

shown in Scheme 2, the synthesized ATN complexes 

exhibited high stability through CT and PT 

interactions. 

1H NMR spectra 

 The 1H NMR spectra of ATN and its CT 

complexes with AZ and AZR were measured in 

deuterated dimethylsulfoxide (DMSO-d6) (Figure 

11). Signals corresponding to both ATN (i.e., the 

donor), and the acceptors were detected in the spectra 

of the complexes, mostly downfield, confirming the 

formation of the expected complexes. The spectrum 

of free ATN exhibited a broad singlet signal at 1.51 

ppm, which was assigned to the NH proton. Notably, 

this peak was not present in the spectra of the 

complexes. On the other hand, sharp peaks at 2.51 

and 2.63 ppm were observed in the spectra of [ATN-

AZ], and [ATN-AZR] complexes, respectively. 

These peaks were attributed to the formation of NH2
+ 

caused by the proton migration from the acceptor’s 

hydroxyl group to the nitrogen atom of the amide 

moiety in ATN. Concurrently, the signals attributed 

to OH group in AZ or AZR [72, 73] disappeared in 

the spectra of the complexes, which confirmed the 

occurrence of a proton transfer reaction between 

ATN and each acceptor. Furthermore, the singlet 

signal of the OH moiety that appeared at 4.95 ppm in 

the spectrum of free ATN was not detected in the 

spectra of the complexes. These results were 

indicative of a proton transfer from the OH group of 

ATN to the carbonyl moiety of anthraquinone (i.e., 

AZ or AZR). Moreover, the signals corresponded to 

the aliphatic protons of (CH) and (CH2) moved 

downfield in the spectra of the complexes as a result 

of H-bond formation. The signals ascribed to the 

aromatic protons of Az and AZR was also shifted 

downfield in the spectra of the complexes compared 

with those of free acceptors due to the -* transition 

from ATN to AZ or AZR. All of the above outcomes 

are consistent with the FTIR analysis and confirmed 

the presence of CT and PT interactions between ATN 

and studied acceptors. 

Conclusion 

Three CT complexes of ATN (i.e., electron 

donor) and AZ, AZR, or DHBQ (i.e., electron 

acceptors) were successfully prepared and 

comprehensively investigated in MeOH and in solid-

state. New absorption bands were observed in the 

electronic spectra of the complexes, which confirmed 

the occurrence of a charge transfer reaction in a 1:1 

ratio for all systems. The formation constant KCT was 

calculated using the Benesi-Hildebrand equation, and 

its value was high for all ATN complexes, 
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demonstrating the high stability of the formed 

complexes in MeOH. The high stability of the ATN 

complexes was further confirmed from the calculated 

the spectrophysical parameters, the values of which 

were consistent with the spontaneous formation. The 

optical energy gap Eg of the charge transition in the 

investigated complexes was determined based on the 

electronic spectra. The values of Eg ranged from 2.02 

to 2.25 eV. Furthermore, solid ATN complexes were 

successfully prepared and characterized, utilizing 

elemental analysis. Notably, the (donor: acceptor) 

ratio in all complexes was found to be 1:1. The FTIR 

and 1H NMR measurements indicated proton transfer 

interactions in addition to the CT interactions. 

Finally, simple, accurate, and sensitive 

spectrophotometric methods were developed to 

quantitatively determine the ATN in its pure form 

and in pharmaceutical formulations. Validation tests 

demonstrated that the developed methods exhibited 

high accurate and precise for assaying ATN without 

any interferences from tablet excipients.  

 

          

 
  

Figure 11. 1H NMR spectra of the ATN drug and its solid complexes in DMSO-d6. 
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