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ELECTROCHEMICAL AND OPTICAL INVESTIGATION 

AND DFT CALCULATION ON TWO 

TETRAHYDROACRIDINES 

Madalina Marina HRUBARU1,2, Francis Aurelien NGOUNOUE KAMGA3, 

Nathanael MURAT4, Amalia STEFANIU5, Eleonora-Mihaela UNGUREANU6*, 

Elena DIACU6 

Electrochemical and optical investigations were carried out on 1,2,3,4-

tetrahydroacridine-9-carboxamide and 1,2,3,4-tetrahydroacridine-9-carboxylic acid 

to understand the influence of the two functional groups grafted in position 9 on the 

behavior of these tetrahydroacridines. Their electrochemical properties were studied 

by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and rotating disk 

electrode voltammetry (RDE). CV, DPV and RDE curves were recorded in 

dimethylformamide (DMF) in presence of tetrabutylammonium perchlorate (0.1 M) 

for different concentrations of each target, at different scan rates and electrode 

rotation rates. The UV-Vis spectra were also recorded in DMF, and the calibration 

curves were obtained. Computed properties and structural descriptors have been 

predicted using hybrid density functional B3LYP with the 6-311G (d,p) basis set for 

these two tetrahydroacridines with geometry optimization, focusing on their reactivity 

comparation. The curves for the two tetrahydroacridines were examined and 

compared to explain the differences due the different substitution of 

tetrahydroacridine skeleton which can lead further to the design of their 

corresponding dimers intended for pharmaceutical purposes.   
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1. Introduction 

Tetrahydroacridines are a class of organic compounds best known for their 

large medical potential. They are widely explored in the treatment of different 

diseases such as Alzheimer's disease (AD) [1], tuberculosis [2], and human cancer 

[3], due to their ability to inhibit topoisomerase enzymes and block DNA 

transcription [4, 5]. For example, 9-aminotetrahydroacridine (tacrine) was the first 

drug approved for the treatment of AD but was later withdrawn due to its 

hepatotoxicity [6].  Furthermore, the presence of an amide group (-NHCO-) and a 

polyalkylquinoline skeleton in the structure of tetrahydroacridines or their 

bioisosteres is a common scaffold found in numerous potential acetylcholinesterase 

inhibitors [7]. They have been known since 1882 when the first synthesis methods 

were developed, which involve a cyclocondensation of an o-aminocarbonyl 

component (isatin, ortho-aminobenzaldehyde, ortho-aminoketone) with a carbonyl 

component bearing a reactive methylene group [8-10]. 

Tetrahydroacridines are molecules containing an annelated quinoline 

skeleton with saturated rings. They are a subclass of acridines, which are known to 

be π-conjugated heteroorganic molecules. Due to their electron donation properties 

[11] they have found applications in cutting-edge fields such as OLED applications 

[12].  

However, the study of their optoelectrical properties is very scarce 

compared to their acridine counterparts [13]. This paper continues the 

tetrahydroacridines studies by comparing the electrochemical behavior of 

previously studied [14] 1,2,3,4-tetrahydroacridine-9-carboxamide (MM1) with 

1,2,3,4-tetrahydroacridine-9-carboxylic acid (MM4) aiming to evaluate the effect 

of the two functional groups in position 9 on the tetrahydroacridine electrochemical 

behavior.  This study was completed by DFT calculations in order to achieve deep 

structural insights to assess their reactivity and kinetic stability derived from 

predicted level energy of frontier molecular orbitals HOMO and LUMO. 

Satisfactory previous attempts to evaluate molecular properties of interest for 

electrochemical behavior in terms of redox potentials, provided accurate 

predictions using hybrid functionals as B3LYP [15, 16]. Our goal is to extend this 

type of in silico approach to the structures subject of the present study. 

 MM1  MM4 

Fig. 1. Investigated ligands with tetrahydroacridine skeleton 



Electrochemical and optical investigation and DFT calculation on two tetrahydroacridines     5 

2. Experimental   

Synthesis of the investigated compounds was performed according to 

previously described methods [17-20]. The spectral characterization (IR, NMR) 

confirmed their structure [17c].  High purity acetonitrile (CH3CN, Sigma Aldrich, 

99.999%), dimethylformamide (DMF), and tetrabutylammonium perchlorate 

(TBAP, Fluka 99.0%) were used (as received). All electrochemical experiments 

were carried out using a potentiostat Autolab 302N with three-electrodes cells. To 

perform the electrochemical characterization, a glassy carbon (GC) disk of 3 mm 

diameter (Metrohm) was used as a working electrode. The counter electrode was 

platinum wire and the reference electrode was Ag/10 mM AgNO3, 0.1M TBAP/ 

CH3CN. Potentials were referred at the end of experiments to the potential of the 

ferrocene/ferrocenium redox couple (Fc/Fc+) in 0.1 M TBAP/ CH3CN. 

Electrochemical investigations for compounds characterization were 

performed by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and 

rotating disk electrode voltammetry (RDE), following similar procedures [21]. The 

GC working electrode surface was polished before each determination with 

diamond paste, then wiped with fine paper. 

Optical studies on the studied compounds were carried out on the JASCO 

V-670 spectrophotometer in quartz cuvettes of 1 cm length in dimethylformamide 

solutions. Aliquots of compound solutions were added to dimethylformamide and 

a UV–visible spectrum (800–200 nm) was recorded after each addition. A 

calibration curve was used for each data set to accurately determine compound 

concentration. 

Computational calculation on the B3LYP/6-31G(d,p) optimized geometries 

of MM1 and MM4 structures was carried out using Spartan14 software 

(Wavefunction, Inc. Irvine CA, USA) [22] for the lowest energy conformers of each 

structure, in vacuum conditions, in the ground state using DFT models [22]. The 

B3LYP theory levels (the Becke three-parameter hybrid exchange functional with 

the Lee–Yang–Parr correlation functional) [22b] with the 6-311G(d,p) basis set 

[23] were chosen for the property calculations. 

3. Results 

3.1. Electrochemical results 

The electrochemical behavior of the two tetrahydroacridines MM1 and 

MM4 was carried out in similar conditions in DMF solutions on glassy carbon (GC) 

electrode in the potential range between -3.5 V and +2 V. The potential axes were 

finally referred to the potential of the ferrocene/ferrocenium redox couple (Fc/Fc+) 

to compare the compounds.  

Current values for the anodic and cathodic processes were examined and 

attributed to compound’s electrooxidation and electroreduction. The curves for 



6             M. Hrubaru, F. Ngounoue Kamga, N. Murat, A. Stefaniu, E.-M. Ungureanu, E. Diacu 

MM1 have been discussed previously [14]. The study of electrochemical processes 

of MM4 was performed by CV, DPV, and RDE at different concentrations. The 

peaks were denoted in the order of their apparition in the DPV anodic (a1) and 

cathodic (c1, c2) scans. In addition, a signal for the solvent reduction appears at -

3.2 V (cs) which corresponds to the reduction of the background (Fig. 2). The CV 

study was also done at different scan rates on various potential ranges. 

The DPV and CV curves for MM4 at different concentrations are shown 

further in Figs. 2a, 3a. Their comparison with MM1 can be seen in Figs. 2b and 3b 

(for the same concentration of each compound). The values of peak potentials were 

given in Table 1. The RDE curves for MM4 at different concentrations are shown 

in Fig. 4a, and the comparison with MM1 in Figs. 4b, 4c and 4d for the same 

concentration and different rotation rates. 
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Fig. 2. DPV curves for MM4 at diferent concentrations (a) and comparison between MM1 and MM4 (b) 

DPV curves at the same concentrations of 1 mM 
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Fig. 3. CV (0.1 V/s) curves for: MM4 at different concentrations (a); comparison between MM1 and MM4  

(b) CV curves at the same concentrations of 1 mM; MM4 (1 mM) on different potential domains (c); CV 

curves for MM4 (1 mM) at different scan rates (d); (d) inset: linear dependences of the peak currents for 

a1, c1 and c2 processes on the square root on the scan rates 

Table 1 

Values for the main peak potentials from CV and DPV curves recorded in millimolar 

solutions of MM1 and MM4 in DMF solvent in presence of 0.1 M TBAP 

Peak\ Parameter ECV(V) MM1 EDPV(V) MM1 ECV(V) MM4 EDPV(V) MM4 

a1 - - 0.598 0.529 

c1 -2.460 -2.405 -1.729 -1.599 

c2 -2.794 -2.589 -2.111 -1.946 

c2’ - - -0.661 - 

Table 2 

Equations of the linear dependences of the main CV peak currents ip (in A) on square root 

of the scan rate (v in V/s) in MM4 solution (1 mM) in DMF in presence of 0.1 M TBAP 

compound Parameter 

 

ip vs v1/2 Pearson’s 

R 

 

MM4 

a1 ipa1(0.616 V) = 4.117 ∙ 10-6 +2.376 ∙ 10-5∙v1/2 0.9605 

c1 ipc1(-1.763 V) = -7.138 ∙ 10-7 - 3.611 ∙ 10-5∙v1/2 -0.9994 

c2 ipc2(-2.057 V) = 1.323 ∙ 10-6 - 4.446 ∙ 10-5∙v1/2 -0.9999 

Table 3 

Calculation variants of the diffusion coefficient for MM4 in DMF using the slopes of the 

fitted lines for the main CV currents peaks for MM4 (1 mM) in 0.1 M TBAP/ DMF 

Crt. 

Nr. 

Reference 

peak 

n E (V) Slope 

(A / (V/s)1/2) 

105۰DDMF 

(cm2/s) 

1 c1 1 -1.763 3.611 ∙ 10-5 0.36 

2 c1 2 -1.763 3.611 ∙ 10-5 0.05 

3 c2 1 -2.057  4.446 ∙ 10-5 0.55 

4 c2 2 -2.057  4.446 ∙ 10-5 0.07 

5 a1 1 0.616 2.376 ∙ 10-5 0.16 

6 a1 2 0.616 2.376 ∙ 10-5 0.02 
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The absolute value of the peak currents for MM4 increased linearly with the 

square root of the scan rate (Fig. 3). This indicates these processes are diffusion 

controlled [14].  

The dependence of the cathodic and anodic currents on the square root of 

the scan rate for MM4 (Table 2) from Fig. 3d inset allowed the estimation of the 

diffusion coefficient of MM4 in DMF (Table 3), with the help of Randles-Sevcik 

equation (1) for the CV voltametric peaks, as previously seen in [14]. 
 

ip = 2.68 ۰ 105۰n3/2۰A۰C۰D1/2۰ v1/2      (1) 

 

The diffusion coefficient was calculated in DMF (Table 3) using the 

dependencies of the reduction currents for peak c2 and considering the same 

mechanism [14] for the electrochemical reduction. The value of the diffusion 

coefficient in DMF for MM4 (DMM4, DMF) is 0.55۰10-5 cm2۰s-1. 
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Fig. 4. RDE curves for MM4  at diferent concentrations (a) and rotation rates (b), and comparison between 

MM1 and MM4 at two rotation rates (c, d) for the same concentration of MM4 (1 mM) 
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The results of electrochemical studies on MM4 enlarge the known 

properties of tetrahydroacridines and provide the basis for understanding the 

electrochemical properties of other important derivatives. 

3.2. UV-Vis spectra 

  
a b 

Fig. 5. UV-Vis spectra in DMF for MM1 (a) and MM4 (b) at different concentrations 
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Fig. 6. Linear dependencies of absorbance on concentration for MM1 (a) and MM4 (b) in DMF  

at the main peak wavelengths 

 

The UV-Vis spectra of MM1 and MM4 showed three main absorption bands 

(Fig. 5). The evolution of the absorbance at these wavelengths with concentration 

of tetrahydroacridine is linear with higher slopes for MM1 than for MM4 (Fig. 6). 
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From the absorbance slopes as functions of concentration, their extinction 

coefficients were calculated (Table 4).  
 

Table 4 

Main peak wavelengths and equations for the linear dependences of absorbance on 

concentration for MM1 and MM4 solutions in DMF 

Compound λmax [nm] A vs. C (mM) equation Pearson’s R ε [M-1•cm-1] 

MM1 323.00 (= λ1, MM1) A = 5.875•C - 0.001 0.9997 5833.8 

309.00 (= λ2, MM1) A = 5.305•C + 0.000 0.9997 5307.4 

275.00 (= λ3, MM1) A = 5.995•C + 0.010 0.9803 6522.1 

MM4 321.90 (= λ1, MM4) A = 3.595•C + 0.002 0.9978 3698.5 

308.10 (= λ2, MM4) A = 4.095•C + 0.005 0.9888 4375.0 

287.50 (= λ3, MM4) A = 4.420•C + 0.005 0.9903 4700.0 

3.3. Results of DFT calculation 

Linear relationships between calculated HOMO and LUMO energies and 

experimental oxidation and reduction potentials were found for both compounds. 

The calculations followed similar procedures [24]. The results of the property 

calculations based on electron density are presented in Table 5 and Table 6. The 

electrostatic potential maps for MM1 and MM4 are shown in Fig. 8. The color 

indicates the value of the electrostatic potential, according to the given lateral scale. 

Red areas suggest negative potential, the color tending towards blue denotes regions 

of positive potential. The potential increases in the order: red < orange < yellow < 

green < blue.  

  
a b 

Fig. 7. Electrostatic potential maps predicted for MM1 (a) and MM4 (b) 

The red regions have a different intensity on the two compounds, being more 

pronounced on MM1 and almost absent on MM4, in accordance with the minimum 

values found for the electrostatic potential of -192.21 kJ.mol-1 for MM1, and -
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178.70 kJ.mol-1 for MM4, as shown in Table 5 (line 16). More negative potential is 

consequently illustrated by blue regions on the electrostatic potential map of MM1. 
 

Table 5 

Molecular properties (lines 1 to 7) and QSAR (lines 8 to 16) predicted for MM1 and MM4 

No. Parameter\Compound 
MM1 

C14H14N2O 

MM4 

C14H13NO2 

1 Molar mass (g . mol-1) 226.279 227.263 

2 Energy (a.u.)   -726.85 -746.71 

3 Energy (aq) (a.u.) -726.86 -746.73 

4 Solvation energy (kJ . mol−1)   -39.65 -36.39 

5 Dipole moment (Debye) 3.26 2.76 

6 EHOMO (eV) -6.38 -6.70 

7 ELUMO (eV) -1.72 -2.12 

8 Area (Å2)  246.16 239.43 

9 Volume (Å3) 234.60 231.15 

10 PSA (Å2) 45.752 39.025 

11 Ovality index 1.34 1.31 

12 Polarizability (10-30 . m3) 59.30 59.04 

13 LogP 2.29 2.94 

14 HBD Count  1 1 

15 HBA Count  3 2 

16 MinElPot (kJ . mol-1) -192.21 -178.70 

 

Table 6  

Values of quantum chemical reactivity parameters (in eV) of MM1 and MM4 

No. Parameter\Compound MM1 MM4 

1 I = ionization potential I = - E
HOMO 

 6.38 6.70 

2 A = electron affinity A = - E
LUMO

 1.72 2.12 

3 E = energy gap E = I - A 4.66 4.58 

4 χ = electronegativity χ = (I + A)/2  4.05 4.41 

5 η = overall hardness η = (I - A)/2 2.33 2.29 

6 σ = overall softness σ = l / η 0.43 0.44 

 

The density distribution of the frontier molecular orbitals obtained by 

calculation for the studied structures is represented by Fig. 8, as well as the energy 

diagram and the gaps (E) between HOMO and LUMO. 
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a b 
Fig. 8. HOMO (bottom)-LUMO (up) energy diagrams for MM1 (a) and MM4 (b) 

 

From the EHOMO and ELUMO levels of energy provided in Table 5, other 

associated quantum descriptors are calculated. Table 6 gives the relationships and 

the resulted values for: the energy gap (ΔE), the ionization potential (I), the electron 

affinity (A), the electronegativity (χ), the overall hardness (η), the overall softness 

(σ) [25,26], and the overall electrophilicity index (ω) [27] using the B3LYP/6-311G 

(d,p) density functional model. I and A were predicted by through the use of the 

equations proposed by Koopmans [28, 29]. Other descriptors such as the softness 

(σ) and hardness (η) are based upon Pearson's principle of hard and soft acids and 

bases (HSAB) [30], and the maximum hardness principle (MHP) [31] giving 

indications about electronic reactivity and response to electronic disturbances, 

respectively. The overall electrophilicity index (ω), as stated by Parr R.G and co-

workers [27], describes the reactivity of chemical entities in different solvents or 

biological environments. 

 

4. Discussion 

4.1. Electrochemical experiments for MM4 vs. MM1 

DPV experiments. The DPV curves for MM4 at different concentrations shown in 

Fig. 2a, as well as their comparison with MM1 curves in Fig. 2b for the same 

concentration of compounds show the DPV oxidation and reduction processes 
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occur easier for MM4 than for MM1 (the anodic and cathodic peaks potential values 

given in Table 1 are the proof). The first cathodic peaks for each compound were 

denoted c1 and c1', respectively, in Fig. 2b. They were attributed to the same process 

of double C=N bond reduction, as previously discussed [14]. This is a result which 

agrees with the DFT calculations for the two compounds from which the carboxylic 

acid MM4 shows an increased reactivity compared to the MM1. MM4 has an 

intense anodic oxidation peak a1, unlike MM1 which does not present any peak in 

the accessible potential range in DMF, a1 could be due to the oxidation of 

carboxylic (-COOH) group.   

CV experiments. The CV curves for MM4 at different concentrations shown in Fig. 

3a, and the comparison between MM1 and MM4 in CV given in Fig. 3b for the 

concentrations of 1 mM for each compound indicated the currents are increasing 

with concentration, allowing selecting the peaks due to the processes of each 

compound. This increase for the anodic and cathodic peaks indicates these peaks 

are specific for the compound. The differences between the obtained curves for 

MM1 and MM4 indicate the presence of different functional groups on the 

tetrahydroacridine ring determines significant changes in terms of position and 

intensity of the signals recorded, both in the domains of anodic and cathodic 

potentials. Two cathodic peaks were detected in the case of MM1 and MM4. A 

broad anodic peak was detected only for MM4. The current intensity values of CV 

oxidation and reduction currents are of the same order of magnitude. The reduction 

potentials are connected to the quasi-reversible reduction of the C=N double bond 

with the formation of a single bond, as resulted from the CV scans on different 

cathodic domains. The CV curves for MM4 on different potential domains (Fig. 3c) 

allowed the estimation of each electrochemical process reversibility (both c1 and 

c2 are quasi-reversible). The absence of an oxidation peak in case of MM1 in 

comparison with MM4 means MM1 oxidizes more difficult than MM4 (at a more 

positive potential). The effect of the scan rate on the peaks current shapes of MM4 

indicated linear relationships between the peak current (ip) and the square root of 

the scan rate in the potential domains of a1, c1 and c2 peaks. The equations of these 

linear dependencies of the main CV peaks currents given in Table 2 allowed the 

calculation of diffusion coefficients for MM4 from their slope. The obtained value 

DMM4 = 0.55۰10-5 cm2۰s-1 indicates a lower electrochemical kinetics in reduction 

for MM4 than for MM1 (DMM1 = 0.82۰10-5 cm2۰s-1 [14]). In oxidation the behavior 

is reversed: MM4 has a higher rate of electrochemical oxidation than MM1. From 

thermodynamic point of view MM4 is also more reactive than MM1, as its 

oxidation potential is lower.  

RDE experiments. RDE curves for MM1 shown in Fig. 4 indicate a regular 

behaviour for anodic and cathodic processes, with limiting currents increasing with 

concentration (Fig. 4a). However, the influence of the rotation rate for cathodic and 
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anodic processes (Fig. 4b) is different, the anodic currents being less influenced 

than the cathodic ones. The comparison between RDE curves for MM1 and MM4 

made on the same concentration (Fig. 4c, 4d) indicates controlled diffusion 

processes situated at different potentials at all rotation rates, which reflects 

differences between the two investigated compounds, the results being in accord 

with the DPV and CV differences. 

Comparison between electrochemical methods. The DPV, CV and RDE curves for 

MM1 and MM4 are correlated in Fig. 9. The DPV curves are presented in parallel 

with those obtained by CV and RDE to compare their processes occurring at 

potentials given in Table 1. The differences between the two investigated 

compounds are better stressed by RDE method (Fig. 9c, 9d), the results being in 

accord with the DPV and CV methods (Fig. 9a, 9b). The comparison between the 

methods applied to evidence the behaviour of MM1 and MM4 (Fig. 9) is favorable 

for RDE with shows important variation of the currents with concentration in case 

of MM4 (Fig. 9c, 9d). This is due to the supply of substance brought by convection 

to the surface of the electrode due to its rotation, which determines an increase in 

the rate of electrochemical processes that take place at a certain potential leading to 

a better differentiation of the investigated substrates, compared to the methods that 

are based only on diffusion (DPV, CV). 

 

4.2. UV-Vis spectra for MM1 and MM4 

Both MM1 and MM4 present three main absorption bands in UV-Vis at 

closed wavelengths. Their absorbances are linear with higher slopes for MM1 than 

for MM4. The extinction coefficient of MM1 is bigger than that for MM4 at all 

wavelengths, showing a more extensive conjugation via -CONH2 than through -

COOH.  
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Fig. 9. DPV(up) and CV (down) curves for MM1 (a) and MM4 (b) at different concentrations; DPV (up) 

and RDE (down) for MM1 (c) and MM4 (d) at different concentrations 

 

4.3. DFT calculations for MM1 and MM4 

Considering the value obtained for the energy gap between the frontier 

molecular orbitals, the compound MM1 seems more stable and less reactive than 

MM4, for which the electronic jump is easier to achieve. The similarity of the 

chosen structures is also visible regarding the distribution of molecular orbitals 

shown in Fig. 8, where the slight difference is made by the distribution of LUMO 

orbitals on the benzene ring, showing a more extended delocalization of the LUMO 

orbital due to the carboxyl function. 

5. Conclusion 

The electrochemical and optical investigations carried out on two 

tetrahydroacridines functionalized at the position 9 of the tetrahydroacridine 

skeleton with carboxyl and carboxamide groups allowed to put in evidence the 

effect of these functional groups on the properties of selected compounds. The 

electrochemical study performed by three methods leads to similar conclusions 

concerning the reactivity of 1,2,3,4-tetrahydroacridine-9-carboxylic acid and 

1,2,3,4-tetrahydroacridine-9-carboxamide. The curves recorded by RDE 

highlighted the differences between them compared with those recorded by CV and 

DPV. However, the DPV curves let to get the potentials where oxidation and 

reduction processes occur, being in a good agreement with the potentials found by 

CV. Each method proved to be compulsory for the electrochemical characterization 

of these tetrahydroacridines. 

The UV-Vis study of these compounds allowed the calculation of their 

extinction coefficients. Their computations revealed that the ionization potential 

and electronic affinity of the acid are higher than those for carboxamide derivative, 

together with the value of the HOMO-LUMO gap (ΔE). The carboxamide 
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derivative reveals lower electrostatic potential on heteroatoms regions, but overall, 

slight difference in reactivity, compared to acid derivative.  
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