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Abstract: Objective of present study is to compute molecular structures, vibrational frequencies and chemical shifts of

phenazine derivatives using density functional theory and Hartree–Fock methods and to compare these results with

experimental data. Intramolecular N–H_N interactions have been investigated for stabilization of the molecular con-

formations. Comparisons of theoretical and experimental data exhibit good correlation confirming the reliability of

methods employed in this work. Moreover, frontier orbitals and molecular electrostatic potential have been visualized and

calculations of the energy band gaps have been interpreted. According to the results of these investigations, we can say that

DFT calculations are significantly stable in electronic structures, spectral, frontier orbitals and electrostatic potential

analysis for both the phenazine derivatives.
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1. Introduction

Phenazine is a dibenzo annulated pyrazine and parent

substance of many dyestuffs, such as eurhodines, toluylene

red and it is also called azophenylene, dibenzopyrazine and

acridizine. Many phenazine compounds are found in nature

and are produced by bacteria. Natural phenazine products

have been implicated in virulence and competitive fitness

of the producing organisms [1, 2]. Phenazine derivatives

constitute basis of some antitumor agents, bactericides,

fungicides [3–8]. These compounds, a nitrogen-containing

heterocyclic redox agent are also a group of antibiotic

agents. Many phenazine derivatives have been identified

and described and these compounds can be produced in

ways, namely biosynthesis and chemosynthesis [9]. Bio-

synthesis of phenazine is regulated by nutrient depletion,

high cell density and conversion of the bacterium to the

biofilm form [10–13]. Chemical synthesis has also been

used to prepare various synthetic phenazines [14]. Besides,

phenazine derivatives have been also chosen to reduce the

use of chemical pesticides in agriculture [15]. Biopesti-

cides, phenazine compounds, can be used either alone or in

combination with pesticides to lower the doses of chemi-

cals needed to obtain a profitable crop yield.

Conformationally flexible molecules can have interest-

ing applications in non-linear optics and molecular motors.

For example, effects of dipole orientations on nonlinear

optical properties of oxo-bridged dinitroaniline systems

have been investigated by some researchers [16]. They

have found that the best conformation is where the nitro-

aniline dipoles are arranged parallel to each other in the

same plane. In another study, Nijamudheen et al. [17] have

studied role of supramolecular interactions by a supramo-

lecular rotor designed based on a phosphonate cavitand. In

our study, molecular structures and chemical shifts of N-

methyl-2-(10-methylphenazin-5(10H)-yl)aniline (phena-

zine1) and N-butyl-2-(10-methylphenazin-5(10H)-yl)ani-

line (phenazine2), have been calculated at DFT and HF

methods with 6-31 G(d) basis sets. Geometrical parameters

have been compared with X-ray analysis results of*Corresponding author, E-mail: yildiz@kmu.edu.tr

Indian J Phys (May 2014) 88(5):439–448

DOI 10.1007/s12648-013-0439-5

� 2014 IACS



hydrochloride salts of the isomeric structure phenazine1

and vibrational frequencies for phenazine2 compound are

in agreement with experimental results [18]. Furthermore,

frontier orbitals and molecular electrostatic potential are

visualized and energy band gaps are interpreted for the title

compounds. Similar studies on various compounds have

been experimentally and reported by density functional

theory approach in the recent past [19, 20].

2. Methods of calculations

All computations were performed by using Gaussian 09

package program with molecular visualization program

[21, 22] on the personal computer in the framework of

Hartree–Fock and density functional theory methods at

6-31 G(d) basis set. Cartesian representation of theoretical

force constants was computed at optimized geometry under

C1 point group. Transformation of the force field and

subsequent normal coordinate analysis including the least

square refinement of scaling factors, calculations of

potential energy distribution (PED) and prediction of IR

intensities were analyzed by Vibrational Energy Distribu-

tion Analysis (VEDA-4) program [23]. Chemical shifts of
1H and 13C NMR in CHCl3 (chloroform solvent)-polariz-

able continuum (PCM) model were calculated by GIAO

method [24] using the same set levels of the theory, rou-

tinely used for NMR chemical shift calculations on fairly

large molecules [25, 26]. In chemical shift calculations

tetramethylsilane (TMS) was used as reference molecule.

So, the theoretical values of chemical shift of 1H and 13C

were obtained by subtracting the GIAO isotropic magnetic

shielding (IMS) values [27, 28].

3. Results and discussion

3.1. Conformer analysis and optimized structures

In order to investigate all possible conformers of phenazine1

compounds, a detailed potential energy surface (PES) scan in

s1(C5–N2–C14–C15) and s2(C14–C15–N3–C20) dihedral

angles have been performed by changing the dihedral angles

every 20� for 360� rotation, a total of 88 steps, around the

bond (simultaneously for both dihedral angles). The change

in potential energy values as a function of the dihedral angle

is shown in Fig. 1. Minimal energy structure (relative energy

value of 0 kcal/mol) has been optimized at B3LYP/6-31

G(d) and HF/6-31 G(d) level of calculations, respectively.

After the optimizations, total energies are obtained as

lower values, -937.82 and -1,055.77 a.u, at Restricted-

B3LYP calculation method for Phenazine1 and Phenazine2,

respectively. Calculated and experimental optimized struc-

ture parameters for phenazine1 are summarized in Table 1,

in accordance with the atom numbers shown in Fig. 2. Since

the X-ray analysis results are obtained from the hydrochlo-

ride salts of the isomeric structure phenazine1 [18], calcu-

lated optimized structure parameters (bond lengths, bond

angles and torsion angles) have been compared with those of

phenazine1 compound in Table 1. Besides, computed values

for bond lengths and bond angles are compared with exper-

imental results of phenazine crystals crystallized from ace-

tonitrile [29]. Calculated results eventually show a good

agreement with the experimental ones for Phenazine1.

Largest differences between calculated and experimental

parameters are 0.123 Å (R-HF), 0.134 Å (R-B3LYP) for

bond lengths and 4.20� (R-HF), 2.90� (R-B3LYP) for bond

angles and 31.1� (R-HF), 34.5� (R-B3LYP) for dihedral

angles. Since the intramolecular N–H_N interaction stabi-

lizes molecular conformation, results of calculations on

intramolecular N–H_N hydrogen-bonding interactions are

given in Table 2. In mononuclear unit, an intramolecular N–

H_N hydrogen-bonding interaction between NH2 group

attached to the triazole ring and the non-coordinating N

atom of pyridine has been observed in a previous study [30]

and also Feng et al. [31] have carried out a similar study

about a triazole derivative compound. Structural optimiza-

tions have been also performed with M06-2X/6-31 G(d)

level [32, 33] at DFT method. M06-2X functional is known

to be effective in incorporating long-range dispersion for-

ces, so calculations at this level provide an estimate of such

forces as well [34]. Dispersion forces are generally weaker

than the forces associated with hydrogen bonding, but dis-

persion interactions play a major role in the stabilization of

large biomolecules in which these interactions are abundant

[35–37].

Fig. 1 Potential energy surface scan in essential dihedral angles

s1[C5–N2–C14–C15] and s2[C14–C15–N3–C20] of Phenazine1 with

DFT method

440 M Yildiz and M Karakaya



3.2. Vibrational analysis

In Table 3, results of selected vibrational frequencies (IR

spectra) for Phenazine2 compound are given together with

experimental data obtained from [18] and calculated IR

spectra of this molecule are shown in Fig. 3. For computed

frequencies, scale factors of 0.8929 and 0.9614 are used for

HF and B3LYP, respectively [38]. Also, calculated IR

Table 1 Experimental values and theoretical geometric parameters for the optimized structures of Phenazine1 at DFT and HF method

Bond length

(Å)

Exp.

[18]

Exp.

[29]

DFT method

6-31G(d)

HF method

6-31G(d)

Bond length

(Å)

Exp.

[18]

Exp.

[29]

DFT method

6-31G(d)

HF method

6-31G(d)

C6–C1 1.396 1.352 1.400 1.391 C12–C13 1.386 1.424 1.396 1.382

C5–C6 1.384 1.426 1.395 1.381 C13–N2 1.408 1.342 1.416 1.409

C5–C4 1.410 1.438 1.416 1.403 C12–H12 0.950 1.084 1.073

C5–N2 1.419 1.341 1.417 1.411 C7–N1 1.454 1.448 1.440

C11–C12 1.388 1.351 1.401 1.393 C7–

H7(A,B,C)

0.980 1.102 1.090

C10–C11 1.386 1.416 1.387 1.374 C14–N2 1.437 1.436 1.427

C6–H6 0.950 1.084 1.072 C15–N3 1.460 1.380 1.380

C4–N1 1.387 1.409 1.404 C20–N3 1.488 1.448 1.443

C8–N1 1.397 1.407 1.402 N3–H 0.920 1.010 0.994

Bond angles (�) Exp. [18] Exp. [29] Bond angles (�) Exp. [18] Exp. [29]

C4–C5–N2 119.4 121.73 118.5 117.8 N2–C13–C8 119.2 121.56 118.5 117.9

C6–C5–N2 120.7 119.74 122.1 122.8 C13–N2–C5 120.25 116.72 119.3 118.3

C6–C5–C4 119.9 118.53 119.4 119.4 C12–C13–N2 121.0 119.70 122.2 122.8

C13–C12–C11 120.7 120.49 120.9 120.8 C13–N2–C14 117.37 119.7 120.4

C5–C6–C1 120.8 120.44 120.8 120.7 N1–C7–H7(A) 109.5 109.2 109.2

C2–C1–C6 119.7 120.94 119.9 119.9 H7(A)–C7–H7(B) 109.5 108.0 107.7

C10–C11–C12 119.5 120.85 119.9 119.9 N1–C4–C3 123.0 122.6 123.1

C5–C6–H6 119.6 119.1 119.6 N1–C4–C5 119.2 118.3 117.6

C9–C8–N1 122.6 122.6 123.2 N1–C8–C13 119.2 118.3 117.5

C15–C14–N2 120.5 120.2 121.0 N1–C7–H7(B) 109.5 109.2 109.2

C14–C15–N3 119.26 119.8 119.8 H7(A)–C7–H7(C) 109.5 108.4 108.5

C4–N1–C8 121.6 118.8 117.4 C16–C15–N3 119.4 122.3 122.0

C4–N1–C7 119.1 119.9 119.9 N3–C20–H20(C) 109.5 108.5 108.3

Torsion angles (Å) Exp. [18] Torsion angles (Å) Exp. [18]

C4–C5–C6–C1 1.3 0.4 0.00 N1–C8–C13–C12 -175.9 -175.6 -175.8

N2–C5–C6–C1 179.8 179.5 179.7 C9–C8–C13–N2 -177.8 -178.1 -177.7

C5–C6–C1–C2 0.9 1.2 1.4 N1–C8–C13–N2 2.4 3.7 4.1

C1–C2–C3–C4 -0.8 -1.3 -1.3 C6–C5–N2–C13 176.3 161.1 154.6

C2–C3–C4–N1 -176.1 -175.5 -175.7 N2–C14–C19–C18 178.8 179.7 179.4

C6–C5–C4–N1 175.7 176.0 176.5 N2–C14–C15–C16 -179.2 -179.3 -179.1

N2–C5–C4–N1 -2.3 -3.1 -3.3 C19–C14–C15–N3 -179.0 -178.2 -178.0

C6–C5–C4–C3 -3.8 -2.4 -2.0 N2–C14–C15–N3 2.3 2.2 2.6

N2–C5–C4–C3 178.2 178.5 178.2 C17–C16–C15–N3 179.0 177.9 177.8

N1–C8–C9–C10 176.3 175.2 175.3 C14–C15–N3–C20 -132.6 -167.1 -163.7

C13–C8–C9–C10 -3.5 -2.9 -2.8 C12–C13–N2–C5 -176.1 -161.2 -154.9

C11–C12–C13–N2 -179.8 -179.8 -179.8 C12–C13–N2–C14 -21.5 -6.3 -16.2
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spectra of Phenazine2 at DFT and HF method have been

presented in Fig. 3 for the comparison. Assignments corre-

sponds to selected vibrational modes in tables are obtained

by using VEDA 4 program. IR spectrum has shown bands

including the intense C=C and C=N stretching at

1,472–1,284 cm-1 in a recent study by Nansathit et al. [9]

about synthesis, isolation and antimicrobial activities of

phenazine-1-carboxylic acid, other phenazine derivative.

These stretching modes are computed at *1,353–1,250 and

*1,446–1,261 cm-1 through DFT(B3LYP) and HF

method, respectively. As shown in Fig. 3(a), 3(b) and

Table 3, we note that by and large C–H stretching modes of

CH2 and CH3 groups are determined at highest frequency

range (*3,027–2,829 cm-1) with high percent of PED for

both methods. Besides, aromatic C–H stretching are calcu-

lated as *3,081, 3,035 cm-1 in basic phenazine group by

using DFT and HF method, respectively. Calculated results

show a good agreement with the experimental ones for

Phenazine2 compound.

3.3. NMR spectral analysis

Experimental and calculated 1H and 13C NMR chemical

shifts (with respect to TMS) for Phenazine1 and Phenazine2

are given in Table 4. Theoretical results are computed in

CHCl3 (chloroform) solvent and solvent-free by using

Polarizable Continuum Model (PCM). Experimental chem-

ical shifts of Phenazine1 and Phenazine2 in CDCl3 (deu-

terated chloroform) solvent have been obtained from the

literature [18]. In chemical shifts computations, more elec-

tronegative property if N atoms polarizes the electron dis-

tribution in its bond to adjacent carbon atoms and decreases

electron density at bridge for our title molecules, therefore

calculated chemical shifts are higher. Since mean absolute

Fig. 2 The molecular structures

of (a) Phenazine1 and

(b) Phenazine2

Table 2 Theoretical geometric parameters for intramolecular N–H���N hydrogen-bonding interaction

Parameters Experimentala

Phenazine1

Calculated

DFT method

6-31G(d)

G(B3LYP)

DFT method

6-31G(d)

(M06-2X)

HF method

6-31G(d)

Phenazine1 Phenazine2 Phenazine1 Phenazine2 Phenazine1 Phenazine2

N3–H (Å) 0.92 1.010 1.011 1.007 1.013 0.994 0.995

H���N2 (Å) 2.32 2.412 2.414 2.372 2.379 2.415 2.409

N3���N2 (Å) 2.815 2.830 2.830 2.784 2.809 2.828 2.827

\N3–H���N2 (�) 113.0 103.8 103.7 103.5 104.4 104.2 104.5

a Taken from Ref. [18]
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error (MAE) is a quantity used to measure how close the

predictions are to eventual outcomes in statistics, MAE

values and the correlation values (R2) between experimental

and calculated frequencies are shown in Table 5. Although

the correlation coefficients are very close for both methods,

MAE results have also shown that the DFT calculations are

generally in better agreement with experimental data than

HF method. For minimum MAE values between calculated

and experimental data, we compute average value of

136 ppm for aromatic carbons (C4, C5, C8 and C13) that is

adjacent to nitrogen atoms in phenazine structure of the

both compounds with DFT method (B3LYP). 1H-NMR data

are reported between 7.80 and 8.70 ppm consistent with

presence of signals for aromatic protons while 13C-NMR

spectra show the peaks between 120.00 and 131.50 ppm

indicating presence of aromatic carbons for phenazine-5,10-

dioxide in the study similar to the previous made by Nan-

sathit et al. [9].

3.4. Frontier molecular orbitals (FMO)

and electrostatic potential analysis

Highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) are very important

parameters for quantum chemistry. We can determine the

way the molecule interacts with other species; hence, they

are called the frontier orbitals. HOMO, which can be

thought as the outermost orbital containing electrons, tends

to give these electrons such as an electron donor. On the

other hand, LUMO can be thought as innermost orbital

containing free places to accept electrons [39]. Owing to

interaction between HOMO and LUMO orbital of a

structure, transition state of p–p* type is observed with

regard to molecular orbital theory [40]. Therefore, while

energy of the HOMO is directly related to ionization

potential, LUMO energy is directly related to electron

affinity. 3D plots and energy difference between HOMO

and LUMO of Phenazine1 are shown in Fig. 4. HOMO–

LUMO energy gaps of Phenazine2 are also computed 97.2,

240.1 kcal mol-1 with DFT and HF approach, respec-

tively. It is noted that energy gaps have minimal values at

DFT frontier and second frontier calculations for the both

compounds. Besides, 3D plot painted according to values

of electrostatic potential for Phenazine1 is shown in Fig. 5.

The molecular electrostatic potential (MEP) is related to

the electronic density and a very useful descriptor for

determining sites for electrophilic attack and nucleophilic

reactions as well as hydrogen–bonding interactions [41,

42]. Molecular electrostatic potential, V(r) is defined in

terms of interaction energy between electrical charge

generated from electrons and nuclei of molecules and a

positive test charge (a proton) located at any given point

r(x,y,z) in the vicinity of a molecule [43, 44]. Minimum

V(r) is calculated as -0.0144 a.u around aromatic carbons

at DFT (B3LYP) method. However, this result is deter-

mined as -0.0134 a.u for the HF method.

4. Conclusions

In this study, some theoretical results are used to clarify the

identification of Phenazine1 and Phenazine2 compounds.

Optimized molecular structures (bond lengths, bond angles

and torsion angles), selected vibrational frequencies

including Infrared intensities, corresponding vibrational

spectra interpreted with the aid of normal coordinate analysis

based on scaled density functional force field have been

analyzed utilizing HF/6-31 G(d) and DFT-B3LYP/6-31

Fig. 3 Calculated IR spectra of Phenazine2 at (a) DFT and (b) HF

method respectively and (c) represents the experimental spectra taken

from Ref. [18]
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G(d) methods. It has been found that optimized molecular

structures and vibrational frequencies show a good agree-

ment with available experimental results and DFT-B3LYP

computations are found to be superior to HF ones. Moreover,

not only are HOMO and LUMO orbitals visualized and

interpreted but also energy band gap are investigated for

identification of the compounds. The energy band gap

reveals that DFT frontier and second frontier calculations are

more stable results for both compounds. This study not only

shows the way to the characterization of N-methyl-2-(10-

methylphenazin-5(10H)-yl)aniline (phenazine1) and N-

butyl-2-(10-methylphenazin-5(10H)-yl)aniline (phenazine2)

molecules but also helps to researchers for the future studies in

technology and industry.
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[14] M González, H Cerecetto and A Monge Top. Heterocycl. Chem.

11 179 (2007)

[15] T F C Chin-A-Woeng, G V Bloemberg and B J J Lugtenberg

New Phytol. 157 503 (2003)

[16] A Datta and S K Pati, J. Phys. Chem. A 108 320 (2004)

[17] A Nijamudheen, D Jose, A Shine and A Datta J. Phys. Chem.

Lett. 1 1363 (2010)

[18] A M Panagopoulos et al. J. Org. Chem. 19 3532 (2013)

[19] M Karakaya and F Ucun Indian J. Phys. doi: 10.1007/s

12648-013-0398-x (2013)
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