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Theoretical study of the molecular geometries, electronic and thermodynamic properties of dipyrido—(3,2—a:2',3'—c)—phenazine
(dppz) was carried out in the gas phase under standard conditions using PM6 Hamiltonian in semiempirical model. Effects of
chlorine substituents on these properties were also investigated. The results showed that all the electronic and thermodynamic
properties investigated were affected by the number and relative position of chlorine substituents. Variations in some properties
are not significant for some isomeric congeners, having the same number of chlorine substituents, while a number of properties
showed general variation with both the number and position of chlorine substituents. Successive addition of one chlorine atom after
the other at adjacent position to the last chlorine substituent increases the total energy by 241 eV and decreases the LUMO-HOMO
gap by an average value of 0.124 eV. Geometry and energy optimization show that all the molecules considered are planar.

1. Introduction

Previous researches have shown that the number and posi-
tion of electron-withdrawing groups like chlorine, bromine,
and fluorine substituents significantly affect the structural
properties and thermodynamic stabilities of heteroaromatic
polycondensed rings such as phenazine and Phenoxathiin [1-
3].

Dipyrido—(3,2—a:2’,3’—c)—phenazine (dppz) (Figure 1) is
a derivative of phenazine with two pyridine rings on the
phenazine. While the thermodynamic properties of poly-
chlorinated phenazine (pcpz) by density functional theory
calculations have been reported [1], theoretical studies on
the geometries, electronic and thermodynamic properties
of dppz, especially by semiempirical methods are sparse.
Dppz is a polypyridine compound, and polypyridines have
been severally reported [4-6] to have excellent ability to
bind metal ions in solutions, and various derivatives of the
ligands have been studied in order to explore their binding
abilities, biological and electrochemical behavior, as well

as excited state behaviour. In these reports, their metal
complexes are known to bind DNA and their spectroscopic
and electrochemical properties can be tuned.

In recent researches, special attention has been given to

dipyrido—(3,2—a:2',3,—c)—phenazine, its derivatives and metal
complexes partly because of the interesting characteristics of
its ruthenium complexes; [Ru (bpy)z(dppz)]2+ both in water
and when bound to DNA [4, 7, 8]. The DNA-binding of
dppz complexes of other transition metals, such as platinum,
iridium, rhodium, rhenium, and chromium have also been
investigated, and the chromium (IIT) complexes of dppz have
also been studied because of their special photophysical prop-
erties [4]. Reports focusing on substituted dppzs, especially
its Cr’* complexes, exploring its binding interactions with
DNA4, its photophysical and photochemical properties and
the excited state behavior of these complexes are also available
in the literature [4, 5].

In view of the continuous use of dppz and its derivatives
for various applications, the need for relevant information
about them cannot be overemphasized. The present study
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FIGURE 1: (a) Structure of dppz showing the investigated positions of chlorine substituents. (b) Optimized structure of dppz visualized in
Avogadro. (c) Optimized structure of 1-chlorodppz (1-cldppz) visualized in Avogadro.

on electronic, thermodynamic and other physical proper-
ties of dppz and its chloroderivatives will provide relevant
information that will aid the study of their generation,
degradation, and assessment of possible environmental risk
of chlorosubstituted dppz.

The systems considered in this work are relatively large
for speedy Hartree-Fock or density functional calculations.
Therefore, semiempirical method was used as this will be less
computationally expensive without any or serious jeopardy to
the qualitative or quantitative results. PM6 Hamiltonian [9]
used in this work is relatively recent and fully implemented
in MOPAC 2009 [10]. PM6 method was developed based on
experimental and ab initio data from over 9,000 compounds,
while earlier semiempirical methods, MNDO, AMI1, and
PM3, were developed based on data from only 39, 200, and
500 compounds, respectively. Therefore, PM6 method pro-
duces more accurate heats of formation and geometries com-
pared to the earlier semiempirical methods (AM1 and PM3),
and serious errors in AM1 and PM3 have been corrected

[11]. Chlorosubstituted analogous of dppz, polychloro-dppz
(pcdppz) are the focus point of the present work. Future
researches promise to consider other halosubstituted dppzs
and possible reduction of the LUMO-HOMO energy gap of
the ruthenium (II) complexes chlorosubstituted dppzs.

2. Modeling and Computational Methods

All the molecules were modeled with Avogadro 1.0.1 [12].
Molecular mechanics calculations were first performed on
each molecule with the builder using Universal Force Field
(UFF), which is a completely general force field [13]. The
geometry at the point of convergence is fed into MOPAC 2009
as the starting geometry for Broyden-Fletcher-Goldfarb-
Shanno (BFGS) geometry optimization. Electronic and
energy parameters were obtained from Restricted Hartree-
Fock (RHF) calculations with PM6 Hamiltonian. All the
calculations were carried out in the gas phase at 298 K and
101.325 kPa.
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TaBLE 1: Entropy values used for the calculation of AS of dppz and
pcdppz.

Name or formula " Jmol ' K™)

Dppz 506.231°
Graphite 5.686
Nitrogen 191.5
Hydrogen 130.6
Chlorine 223.0

a
Data from PM6 semiempirical calculations and others from [14].

In order to determine the standard Gibbs free energy of
formation (AG f), (1) was designed for the formation of dppz
(C,gH,(Ny) from its elements in their standard states:

18C(graphite) + SHy + 2N, — CigH Ny, (1
It then follows that

AH, = AHf(C18H10N4) - ISAHf(graphite)

(2)
— 5AH p,) — 2AH ().

Also,
AS, = S(C18H10N4) N 188(graphite) N SS(HZ) h ZS(NZ) G)

Equation (2) gives AH, = AH ¢ p ) since every other
parameter is equal to zero. The data in Table 1 are used to
implement (3). Therefore, the standard free energy (AG f) for
the formation of dppz (1) could be expressed as

For the chlorosubstituted analogous, reaction (5) gives a
general scheme for the formation of a particular chlorinated
dppz from its element in its standard state:

18C+ (5 - f) H, + 2N, + -Cl,
2 2 (5)
I C18H(5—n/2)N4C1n/2>

where 7 is the number of chlorine atoms on the polychloro-
dppz (pcdppz), that is, n = 1,2, 3, 4. Then the entropy change
for the formation of pcdppz in (5) is generally expressed as

ASf(pcdpm) = S(PCdPPZ) - 18S(graphite)
—<5 - g) S (hydrogen) ~ 2S(nitrogen) ~ gs(chlorine)
(6)
AG f(pedppz) 1s calculated by (7):
AG fpedpps) = AH f(peapps) = TAS f(pedppo)- )

The data used for the implementation of (6) are contained in
Table 1.

3. Results and Discussions

3.1. Geometric Parameters. For dppz and all the chlorine-
substituted analogues, the geometric parameters were
obtained after geometry optimization. In order to investigate
the effect of chlorine substituents on dppz, the geometries
of polychlorodipyrido-(3,2-a:2",3"-c)-phenazines (pcdppz)
were compared with that of the unsubstituted dppz. The
effects of the positions of chlorine substituents on the
geometries were investigated by comparing the geometries
of the various pcdppzs. Tables 2(a), 2(b), 2(c), and 2(d)
show some of the selected bond lengths, bond angles,
dihedral angles, and symmetry point groups, respectively
for the optimized structures. From these results, it could be
established that some kind of weak (Cl---H) interactions
occur between a chlorine atom and the hydrogen atom
on the adjacent carbon, causing a slight increase in the
corresponding Cl-C bond length. For example, the chlorine
atom in 2-Cldppz is flanked by two hydrogen atoms, one at
each side (one on C1 and one on C3); therefore, Cl24-C2
is slightly longer than CI23-C1. The same effect is reflected
in the bond lengths CI25-C3 and CI23-Cl1 for 1,3-Cldppz,
the former being longer. Another kind of weak interaction
was found to occur between the lone pair of electrons on the
nitrogen atoms in the phenazine ring and the chlorine atoms
in positions 1 and 4 for the molecules that possess such
chlorine atoms (1-, 1,2-, 1,3-, 1,2,3-, 1,2,4-, and 1,2,3,4-),
and also between two adjacent chlorine atoms in molecules
like 1,2-, 2,3-, 1,2,3-, 1,2,4-, and 1,2,3,4-polychloro-dppzs.
These are reflected in the slight difference observed in the
common bond lengths that are supposedly equal if all other
conditions were constant. Slight variations in assumed
similar bond angles also confirmed the presence of these
weak interactions.

The dihedral angles in all the optimized structures were
repeatedly 0°, 180°, and 360°. These values together with the
symmetry point groups of the optimized structures of the
molecules suggest that all the molecules are planar.

3.2. Electronic Properties. Table 3 shows the calculated elec-
tronic properties of the molecules. The total energy (TE),
which is the sum of electronic energy and core-core repulsion
decreases with increasing number of chlorine substituents.
In terms of electronic stability, it could be inferred that
1,2,3,4-tetrachlorodipyrido-(3,2-a:2",3"-c)-phenazine is the
most stable of all the species considered. There was no
significant difference in the total energies among isomers of
the same congener. The energy band gap (LUMO-HOMO)
was also found to decrease with increasing number of
chlorine substituents. Ionization potentials (IP) and dipole
moments of the optimized structures did not follow a regular
pattern. The dipole moment was found to depend more on
the positions of the chlorine substituents than the number
of chlorine atoms. This is expected as dipole moment is a
Euclidean vector. Overall, polarity cancelled out for many of
the chlorine atoms, more so that the molecules have been
established to be essentially planar.

A plot of total energies (Figure 2) for dppz, 1-, 1,2-, 1,2,3-
and 1,2,3,4-polychloro-dppzs showed a linear correlation
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TABLE 2: (a), (b) and (c) Selected bond lengths of the optimized structures, (d) Symmetry point groups (Schoenflies notation) of the optimized

structures.
(@
Bond length (A) Dppz 1- 2- 1,2- 1,3- 1,4- 2,3- 1,2,3- 1,2,4- 1,2,3,4-
C2-C1 1.3685 1.3709 1.3688 1.3756 1.3711 1.3725 1.3690 1.3762 1.3772 1.3767
C3-C2 1.4322 1.4292 1.4304 1.4292 1.4275 1.4257 1.4344 1.4328 1.4259 1.4308
C5-C4 1.4356 1.4341 1.4372 — 1.4323 1.4360 1.4348 1.4333 1.4377 1.4369
C6-C5 1.4333 1.4339 1.4334 1.4334 — 1.4341 1.4334 — 1.4338 1.4333
H23-C1 1.0914 — 1.0927 — — — 1.0941 — — —
H24-C2 1.0908 1.0917 — — 1.0935 1.0928 — — — —
N7-Cé6 1.3803 1.3781 1.3811 — — 1.3789 1.3805 — 1.3794 1.3786
H27-C15 1.0953 1.0962 1.0955 1.0962 1.0960 1.0962 1.0954 1.0961 1.0963 1.0962
Cl23-C1 — 1.7128 — 1.7017 1.7094 1.7104 — 1.7004 1.7002 1.6993
Cl24-C2 — — 1.7221 1.7119 — — 1.7109 1.7023 1.7103 1.7023
CI25-C3 — — — — 1.7198 — 1.7108 1.7106 — 1.7023
Cl26-C4 — — — — — 1.7104 — — 1.7079 1.6993
(b)
Bond Angles/° Dppz 1- 2- 1,2- 1,3- 1,4- 2,3- 1,2,3- 1,2,4- 1,2,3,4-
C8-N7-Co6 118.23 118.17 118.24 118.20 118.21 118.32 118.25 118.23 118.36 118.36
H23-C1-C2 122.34 — 122.81 — — — 122.34 — — —
H24-C2-C1 120.70 120.99 — — 121.50 120.93 — — — —
H27-C15-C11  119.47 119.49 119.50 119.51 119.52 119.51 119.53 119.53 119.53 119.54
C5-C4-C3 119.46 119.62 119.74 119.81 118.48 120.88 118.88 118.98 120.91 119.85
C4-C3-C2 121.09 121.27 119.76 120.31 122.94 120.40 121.34 121.75 119.63 120.81
C3-C2-C1 121.08 120.11 122.93 121.72 119.05 120.39 121.34 120.35 121.82 120.81
C6-C5-C4 119.46 119.84 119.66 119.95 120.03 118.73 119.78 120.08 118.89 119.33
CI23-C1-C2 — 120.32 — 121.20 120.21 120.30 — 120.82 121.11 120.80
Cl24-C2-C1 — — 120.30 — — 120.41 120.90 120.27 120.76
CI25-C3-C2 — — — — 117.33 — 118.26 117.93 — 118.43
Cl26-C4-C3 — — — — — 120.30 — — 120.23 120.80
(©)
Dihedral Angles/’ Dppz 1- 2-
C4-C3-C2-C1 360.00 0.00 360.00
C6-C5-C4-C3 0.00 360.00 0.00
N7-C6-C5-C4 179.99 180.01 179.99
N10-C9-C8-N7 359.99 0.00 359.99
H23-C1-C2-C3 180.00 — 180.00
CI23-C1-C2-C3 — 180.00 —
(d)
Molecule Dppz 1- 2- 1,2- 1,3- 1,4- 2,3- 1,2,3- 1,2,4- 1,2,3,4-
Symmetry point group C,, C, C, C, C, C,, (&% C, C, C,,

with the number of chlorine atoms in consecutive adjacent
positions. This implies that the total energy decreases (i.e.,
electronic stability increases) by a constant value of about
241 eV for every one chlorine atom substituted at the adjacent
position to the last chlorine substituent. Similar correlation
was found for the energy gaps of the chlorosubstituted dppzs
(Figure 3) in which successive chlorine substituent is added
at the position adjacent to the last chlorine substituent. For
these sets of species, LUMO-HOMO gap decreases by an

average value of 0.124 eV each time a chlorine atom is put on
the ring at a position adjacent to the last substituted chlorine
atom.

3.3. Energy and Thermodynamic Properties of the Molecules.
Table 4 shows the calculated values of the thermodynamic
data (H, S, G, C, AHy, ASy, AGy, and AGy), where
AGy, is the relative standard Gibbs free energy of formation
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TABLE 3: Electronic properties of the optimized structures.

Molecule TE (eV) HOMO (eV) LUMO (eV) Energy gap (eV) 1P Dipole moment
Dppz —-3055.53 -9.42 —-1.654 7.766 9.42 3.45
MCldppz
1-Cl —3296.48 -9.433 -1.804 7.629 9.43 3.04
2-Cl —3296.58 —-9.464 —1.846 7.618 9.46 1.78
DCldppz
1,2- —3537.38 —-9.447 -1.952 7.495 9.45 2.08
1,3- —3537.51 -9.509 -1.982 7.527 9.51 1.16
1,4- —3537.41 -9.378 —1.946 7.432 9.38 2.21
2,3- —3537.46 -9.533 -1.987 7.546 9.53 0.43
Tri-Cldppz
1,2,3- -3778.25 -9.579 —-2.089 7.49 9.58 0.78
1,2,4- -3778.29 -9.412 —-2.085 7.327 9.41 1.01
Tetra-Cldppz
1,2,3,4- —4019.03 -9.461 —2.188 7.273 9.46 0.06
4200 - of the heats of formation (AH ;) and the standard Gibbs
R =1 free energies (AGy). For the monosubstituted congeners, 2-
40001 chlorodppz was found to be more stable than 1-chlorodppz.
3800 - This could be attributed to the closeness of the chlorine atom
3 in position 1 to the nitrogen atom in the phenazine ring.
= 3600 1 A kind of interaction has already been established between
3400 t}.lese atoms from the geometry properties results. For the
disubstituted congeners, 1,3-dichlorodppz was found to be
3200 the most stable. Ordinarily, one would have expected 1,4-
dichlorodppz to be the most stable as the chlorine atoms
3000 dppz N L2 123 L234 are much more far apart in this isomer than other dichloro

FIGURE 2: The plot of total energies (—TE) (eV) for dppz, and 1-, 1,2-,
1,2,3-, and 1,2,3,4-chlorosubstituted dppzs.

N
=N
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dppz 1- 1,2-  1,2,3- 1,2,3,4-

FIGURE 3: The plot of energy gap (LUMO-HOMO) (eV) for dppz,
and 1-, 1,2-, 1,2,3-, and 1,2,3,4-chlorosubstituted dppzs.

computed as the difference between AG, of the reference
molecule and AG; of the most thermodynamically stable
isomer in that congener. The results obtained from this study
revealed that all the chlorosubstituted dppzs are thermo-
dynamically more stable than unsubstituted dppz, with the
tetrasubstituted molecule being the most stable of all the
species considered. This is reflected in the calculated values

isomers, thus reducing any form of Cl.--Cl steric repulsion.
However, relative instability of 1,4-isomer could still be as a
result of the repulsive interaction between the neighboring
electronegative chlorine and the lone pair of electron on the
nitrogen atoms. 1,2-isomer suffers from both Cl---CI repul-
sion and Cl--N repulsion, while 2,3-isomer suffers from only
Cl---Cl repulsion, thereby more stable than the former. 1,3-
isomer does not suffer from any of the interactions, thereby
making it the most stable isomer. 1,2,4-isomer was found
to be the most stable isomer for the trisubstituted isomers.
AGy values show the relative stability among congeners at
a glance. AGy, was zeroed for the most stable isomer in a
family. There is a linear correlation between the AH , values
for the molecules with successive substitution of chlorine
atom adjacent to the last added chlorine (Figure 4), and also
between their AG £ values (Figure 5).

4. Conclusion

Semiempirical quantum chemical calculations of the molec-
ular geometry, electronic and thermodynamic properties of
dppz and its chlorosubstituted derivatives have been carried
out by PM6 Hamiltonian in MOPAC 2009. Calculations
reveal that all the molecules are essentially planar. Presence
of some weak interactions between chlorine atoms and
hydrogen atoms on the adjacent carbon, and also between the
lone pair of electrons on the ring nitrogen atoms and neigh-
boring chlorine atoms was established in some molecules.
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TaBLE 4: Thermodynamic parameters by PM6 calculations.
Molecule AH; (K/mol) H ? (kJ/mol)  §° (J/mol-K) C, (J/molK) G (kJ/mol)  AS 7(J/molK) AG,(k]/mol) AG(kJ/mol)
Dppz 575.03 41.69 506.23 267.17 -109.17 -632.12 763.40 —
MCldppz
1-Cl 546.74 44.92 540.83 282.23 -116.24 —643.72 738.57 9.65
2-Cl 537.15 44.90 541.04 282.27 -116.33 —643.51 728.92 0.00
DCldppz
1,2- 523.93 48.34 570.81 297.48 -121.77 —659.94 720.59 12.65
1,3- 511.15 48.25 570.40 297.42 -121.72 —660.35 707.94 0.00
1,4- 520.55 48.29 565.05 297.41 -120.10 —665.70 718.93 11.00
2,3- 515.67 48.32 565.30 297.56 -120.14 —665.45 713.97 6.04
Tri-Cldppz
1,2,3- 503.09 51.75 600.10 312.80 —-127.08 —676.85 704.79 3.64
1,2,4- 499.39 51.71 599.89 312.64 -127.05 -677.06 701.15 0.00
Tetra-Cldppz
1,2,3,4- 491.71 55.27 624.15 328.13 -130.73 -699.00 700.01 —
7.8 1 of 0.124 ¢V, for every single addition of chlorine atom at
adjacent position to the last chlorine substituent. Thermody-
77 namic stability increases generally, with increasing number of
= 761 chlorine atoms, but varies with the position of chlorine atoms
£ among isomeric structures. All the chlorosubstituted dppzs
2 751 are thermodynamically more stable than unsubstituted dppz,
N 4 with tetrachloro-dppz being the most stable of all the nine
< molecules. To the best of our knowledge, there has not been
7.3 any experimental or theoretical work on the properties of the
-, systems reported in this work. Our results may, therefore,

dppz 1- 1, 2- 1,2,3- 1,2,3,4-

FIGURE 4: The plot of AHf for dppz, and 1-, 1,2-,1,2,3-,and 1,2,3,4-
chlorosubstituted dppzs.

770 A
760 A
750 A
740 A
730 A
720 A
710 A
700 A
690 4
680

* R? =0.951

AGy (kJ/mol)

dppz 1- L,2-  1,2,3- 1,2,3,4-

F1GURE 5: The plot of AG for dppz, and 1-, 1,2-,1,2,3-, and 1,2,3,4-
chlorosubstituted dppzs.

LUMO-HOMO energy gap decreases with increasing num-
ber of chlorine substituents. Ionization potential and dipole
moment do not follow a simple pattern as they both depend
on the positions of chlorine atoms more than the number of
chlorine atoms on the ring. Total electronic energy increases
in a regular pattern with a constant value of 241 eV, while
LUMO-HOMO energy gap decreases with an average value

provide a reference for further work in this regard. We hope
to employ other theories in predicting these properties for
comparison purpose and to consider the effects of other
halogens in future researches.
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