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Abstract The structural and thermodynamic properties of 75 polybrominated
5,10-dihydrophenazines (PBDPs) in the ideal gas state at 298.15 K and 1.013×105 Pa
have been calculated at the B3LYP/6-31G* level using the Gaussian 03 program. The
isodesmic reactions are developed to calculate the standard enthalpy of formation
(�f H θ ) and standard free energy of formation (�f Gθ ) of PBDP congeners. The rela-
tionships of these thermodynamic parameters with the number and position of the Br
atom substitution (NPBS) are discussed, and it is found that there exists a high cor-
relation between thermodynamic parameters and NPBS. In addition, the correlations
between structural parameters and NPBS are discussed. High correlations were found
between the energy of the highest occupied molecular orbital (EHOMO), the most neg-
ative atomic partial charge in the molecule (q−) and NPBS, and all R2 values are larger
than 0.90.
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1 Introduction

5,10-dihydrophenazine (DHP) is an organic molecule known to be a good electron
donor [1], which is observed from the reaction of phenazine with Na2S2O4/H2O. (The
structure and atomic numbering are schematically depicted in Fig. 1.) Dihydrophen-
azine and derivatives reveal properties with a wide range of significant applications. In
terms of the numbers and different positions of the bromine atoms, there are 75 possible
structural patterns of polybrominated 5,10-dihydrophenazines (PBDPs). It is impor-
tant to recognize the structural and thermodynamic properties of PBDPs for studying
their generation, degradation, and potential environmental risk. Many research studies
have been reported on DHP in recent years. For example, Zubiri et al. [2] studied the
reaction of 5,10-dihydrophenazine with two equivalents of Ph2PCl. On a similar note,
Taniguchi et al. [1] studied DHP geometries of the donor-radical models optimized
with the doublet states by B3LYP/6-31G*. Inzelt and Puskás [3] have studied the
electrochemical transformations of phenazine at a gold electrode in aqueous acidic
solutions. It was found that phenazine exhibits two successive one-electron reduc-
tion steps in acidic media, the second electron transfer in dilute phenazine solutions
results in the formation of DHP in HClO4, which desorbs from the electrode surface.
Uehara et al. [4] employed eight dihydrophenazine derivatives for the study of electron
transfer in the interface of an organic two-layer diode. However, there is hardly any
research concerning the thermodynamic data of PBDPs.

In previous investigations, the thermodynamic data of polychlorinated dibenzofu-
rans, polychlorinated dibenzo-p-dioxins, polychlorinated biphenyls, polychlorinated
naphthalenes, and polybrominated naphthalenes [5–9] have been calculated. It was
found that the isomers with reduced free energy have a high ratio of formation, i.e.,
the ratios of formation for isomers are consistent with their relative stabilities.

In the present study, 75 PBDPs were fully optimized at the B3LYP/6-31G* DFT
level of theory. The correlations of structural and thermodynamic properties with the
number and position of Br substitution (NPBS) are discussed. By design of a series
of isodesmic reactions, the standard enthalpies of formation (�f H θ ) and the standard
Gibbs energies of formation (�f Gθ ) of 75 PBDPs were obtained.

2 Computational Method

All calculations were carried out with the GAUSSIAN03 suite of codes [10]. The
geometries of all PBDPs were optimized at the B3LYP/6-31G* level of theory, and fre-
quency calculations were performed to ensure that the species are minimum structures
along the potential energy surface. We have calculated other systems using B3LYP

Fig. 1 Molecular structure
and atomic numbering of
5,10-dihydrophenazine (DHP)
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[9,11,12], and the results indicate that B3LYP is acceptable, so the B3LYP model was
used in this study.

The polarizability of a molecule (α) is a measure of its ability to respond to an
electric field and to acquire an electric dipole moment. Strictly speaking, it is a tensor
quantity that relates changes in the three-dimensional electron density distribution of
the molecule to the strength of applied electric fields. In a coordinate system which
is placed at the origin of the molecule, only the three components αxx , αyy , and αzz ,
which reflect perturbations in the x-, y-, and z-coordinates, are unique. They increase
with the size of the species either by an increase in the number of electrons or by an
expansion of the molecular radius.

Other structural descriptors, the dipole moment (µ), energy of the highest occu-
pied molecular orbital (EHOMO), energy of the lowest unoccupied molecular orbital
(ELUMO), most negative atomic partial charge in the molecule (q−), most positive
atomic partial charge in the molecule (q+), and the most positive partial charge on
a hydrogen atom (qH+), are obtained directly from the Gaussian output files in this
work. All of the charges were derived from the Mulliken partition.

Thermodynamic parameters, standard enthalpies (H θ ), standard Gibbs energies
(Gθ ), standard entropies (Sθ ), standard heat capacities at constant volume (Cθ

v ), and
thermal corrections to energy (Eθ

th) are also obtained from the Gaussian output files.
These thermodynamic parameters were calculated in the gaseous state at 298.15 K
and 1.013 × 105 Pa.

In the present study, PBDP isomers with one to eight bromine atoms are represented
by the notation MBDP, DBDP, Tri-BDP, TBDP, penta-BDP, hexa-BDP, hepta-BDP,
and OBDP, respectively. The numbers of the positions of the Br substitution (NPBS)
are defined as follows: the number of Br atoms at positions α (1, 4, 6, and 9 being
α positions) and β (2, 3, 7, and 8 being β positions) are defined as Nα and Nβ ; the
pair of numbers of ortho, meta, and para positions in which two bromine atoms are
located on one benzene ring are symbolized as No, Nm, and Np, the number of bro-
mine atoms at positions 1 and 9 (or 4 and 6) synchronously is N1,9, respectively.
Isodesmic reaction 1 (Eq. 1) was designed to calculate �f H θ and �f Gθ of PBDPs in
this study.

5,10-dihydrophenazine (DHP) + n-bromobenzene = PBDP + n-benzene (1)

The standard enthalpy change of the reaction (�r H θ ) is equal to the sum of the stan-
dard enthalpies of the products obtained from DFT calculations minus the sum of the
standard enthalpies of the reactants:

�r H θ = [
H θ

PBDP + nH θ
benzene

] − [
H θ

DHP + nH θ
bromobenzene

]
(2)

Similarly, Eq. 3 also yields �r H θ :

�r H θ = [
�f H θ

PBDP + n�f H θ
benzene

] − [
�f H θ

DHP + n�f H θ
bromobenzene

]
(3)
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Thus, the following equation can be obtained from Eqs. 2 and 3:

�f H θ
PBDP = H θ

PBDP + nH θ
benzene − nH θ

bromobenzene − H θ
DHP − n�f H θ

benzene

+ n�f H θ
bromobenzene + �f H θ

DHP (4)

Similarly, �f Gθ
PBDP could be obtained from

�f Gθ
PBDP = Gθ

PBDP + nGθ
benzene − nGθ

bromobenzene − Gθ
DHP − n�f Gθ

benzene

+n�f Gθ
bromobenzene + �f Gθ

DHP (5)

To obtain �f H θ
DHP, the following equation was used:

12C + 10H + 2N = DHP (6)

The following equations are employed to calculate the absolute internal energy (U ),
enthalpies (H ), and Gibbs energies (G) of the molecule at 0 K and the specified tem-
perature (T ) [13]:

U0K = Eelec + EZPE (7)

UT = U0K + (Etrans + Erot + Evib)T (8)

= (Eelec + EZPE) +
{

3

2
RT + RT

+R
3N − 6∑

i = 1

(hv/k)

[
1

2
+ 1

exp(hv/kT ) − 1

]}

HT = UT + RT (9)

�f Ho(M, 0 K) =
∑

x�f Ho(X, 0 K)−
∑

D0(M)

=
∑

x�f Ho(X, 0 K) −
[∑

xU (X, 0 K) − U (M, 0 K)
]

(10)

�f Ho(M, 298 K) = �f Ho(M, 0 K) + [
Ho(M, 298 K) − Ho(M, 0 K)

]

−
∑

x(H298 K − H0 K)X (11)

Similarly, Eq. 12 was designed to obtain �f Gθ
DHP:

N2 + 12C(graphite) + 5H2 = 5,10-dihydrophenazine (DHP) (12)

So

�r Sθ = Sθ
DHP − Sθ

N2
− 12Sθ

C − 5Sθ
H2

(13)

�f Gθ
DHP = �r H θ

DHP − T �r Sθ
DHP (14)

From Eqs. 6–14, �f H θ
DHP is −212.03 kJ ·mol−1 and �f Gθ

DHP is 400.50 kJ ·mol−1.
The experimental values of �f H θ and �f Gθ for bromobenzene and benzene are listed
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Table 1 Thermodynamic data used for calculating �f Hθ and �f Gθ of PBDPs

Number Formula or �f Hθ �f Gθ Hθ Gθ Sθ

name (kJ · mol−1) (kJ · mol−1) (Hartree) (Hartree) (J · mol−1 · K−1)

1 Benzene 82.9a 129.7a –232.142 –232.173 –

2 Bromobenzene 105.0a 138.5a –2803.256 –2803.293 –

3 DHP −212.03b 400.50c –572.605 –572.651 414.40

4 Graphite (C) 0a – – – 5.74a

5 N2 0a – – – 191.51a

6 Hydrogen (H2) 0a – – – 130.57b

a Data from Ref. [15]
b Data from Eq. 11 calculation
c Data from Eq. 14 calculation and other data from B3LYP/6-31G* calculations

in Table 1, including the values of H θ and Gθ calculated at the B3LYP/6-31G* level
for these compounds. At the B3LYP/6-31G* level, the mean absolute deviation of
calculated thermochemical quantities from experiment for a variety of compounds is
33.05 kJ · mol−1 and the standard deviation is 39.75 kJ · mol−1 [14].

3 Results and Discussion

All of the structural and thermodynamic properties, with NPBS of the PBDPs, calcu-
lated at the B3LYP/6-31G* level, are listed in Table 2.

3.1 Geometry of the Molecule

The geometries of all PBDPs were optimized at the B3LYP/6-31G* level of theory, and
the molecules are almost planar (the geometry of the molecules is shown as follows
where D is the dihedral angle for four marker atoms) (Fig. 2).

3.2 Comparison of the Calculated Results at Different Levels

Sθ , Eθ
th, Cθ

V , H θ , and Gθ of the DBDPs were also calculated at the HF/6-31G* level,
and are listed in Table 3. As seen from Table 3, the differences of H θ and Gθ between
the calculated results at the two different levels were small, but those of Sθ , Eθ

th,
and Cθ

V were large. Based on this comparative analysis, the B3LYP/6-31G* level is
acceptable because the precision of the B3LYP/6-31G* method is higher than that of
the HF/6-31G* one.

In addition, in order to further validate the precision of the method, we have calcu-
lated some thermodynamic data of halogen aromatic compounds with experimental
data, using the same method. The calculated thermodynamic parameters and experi-
mental values are listed in Table 4. As seen from Table 4, the following conclusions
can be obtained: 2,2′-DCB, thiophenol, and 1,2-DCB possess the largest discrepancies
of �f H θ , Sθ , and �f Gθ with values of 17.0 kJ · mol−1, −3.1 J · mol−1 · K−1, and
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DHP D=0.000 1-MBDP D=-0.198

1,3-DBDP D=-0.107 1,3,6-Tri-BDP D=-0.824

1,3,7,8-TBDP D= -0.582  1,2,3,7,8- Penta-BDP D=-0.569

1,2,3,6,7,8- Hexa-BDP D= -0.540  1,2,3,4,6,7,8- Hepta-BDP D= 0.000 

1,2,3,4,6,7,8,9- OBDP   D=0.000 

Fig. 2 Geometry of the molecules
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Table 4 Difference between the calculated thermodynamic parameters and experimental values

Number Name �f Hθ (kJ · mol−1) Sθ (J · mol−1 · K−1) �f Gθ (kJ · mol−1)

Exp.a Cal. Diff. Exp.a Cal. Diff. Exp.a Cal. Diff.

1 Benzene 82.9 269.3 268.2 −1.1 129.7 129.9 0.2

2 Chlorobenzene 54.4 313.5 313.3 −0.2 99.2 99.2 0.0

4 1,2-Dichloroben-
zene

30.0 40.6 10.6 341.5 342.1 0.6 82.7 93.4 10.7

3 1,3-Dichloroben-
zene

28.1 30.0 1.9 343.5 343.5 0.0 78.6 82.2 3.6

5 1,4-Dichloroben-
zene

24.6 29.8 5.2 336.7 337.7 1.0 77.2 83.9 6.7

6 1,1′-Biphenyl 182.1 392.7 391.7 −1.0 280.1 280.3 0.2

7 2,2′-Dichloro-
1,1′-biphenyl

126.8 143.8 17.0 − 461.8 − − 270.8 −

8 4,4′-Dichloro-
1,1′-biphenyl

120.1 125.6 5.5 − 452.5 − − 255.5 −

9 Benzenethiol 111.5 336.7 333.6 −3.1 147.6

a Taken from Ref. [15]

10.7 kJ · mol−1, respectively, which demonstrated the reliability of the method, so the
B3LYP/6-31G* calculation for all 75 PBDPs was chosen in the present study.

3.3 Relations of Thermodynamic Properties and NPBS

Using multiple linear regression with the SPSS 12.0 code, the correlations of Eθ
th, H θ ,

and Gθ with NPBS for PBDPs can be obtained, and the results are presented in Table 5.
Table 5 shows that there are good correlations between Eθ

th, H θ , Gθ , and NPBS.
From Eqs. 15–17, it can be seen that Eth, H θ , and Gθ changed with NPBS. As the
substitute numbers of bromine atoms increases, values of Eth, H θ , and Gθ decrease.
But the number of relative positions for these Br atoms (Nm, Np, and N1,9) has a small
effect on the values of Eth, H θ , and Gθ . For example, when No is increased by one,
Eth, H θ , and Gθ increase by −0.205 kJ · mol−1, 0.004 Hartree, and 0.004 Hartree,
respectively. In addition, Nm, Np, and N1,9 do not enter the correlative equation, so
they have the smallest effect on Eth, H θ , and Gθ . Thus, it can be concluded that the
substitute number of bromine atoms is the primary influence on the values of Eth, H θ ,
and Gθ.

3.4 Calculated Results of �f H θ and �f Gθ

With the design of new isodesmic reactions, the �f H θ and �f Gθ values of PBDPs
were obtained. Defining the lowest �f Gθ of isomers with the same number of sub-
stituents to be zero, the relative standard Gibbs energies of formation were obtained
by the �f Gθ of other isomers minus the lowest �f Gθ of isomers with the same num-
ber of substituents, which are also listed in Table 2. It is found that the values of
�f Gθ increase with an increase in the number of substituted bromine atoms. But the
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stability of the isomer becomes weaker as the values of �f Gθ increase. Furthermore,
the values of �f Gθ are different for isomers with the same substitute numbers of
bromine atoms because their substituent positions differ. For example, among the 14
isomers of penta-BDPs, 1,2,4,6,9-penta-BDP possesses the lowest value of �f Gθ , and
1,2,3,7,8-penta-BDP possesses the highest corresponding value, where the discrep-
ancy between them is 32.44 kJ · mol−1. In the same way, �f Gθ of 1,2,4,6,7,9-hexa-
BDP is lower, and 1,2,3,6,7,8-hexa-BDP is higher than those of the other isomers,
where the discrepancy between them is calculated to be around 26.01 kJ · mol−1.

Using the SPSS 12.0 for the Windows program, correlations of �f H θ and �f Gθ

with NPBS for PBDPs can be obtained, as shown in Eqs. 18 and 19. Equations 18
and 19 clearly demonstrate that the substitute number and position of bromine atoms
influence the values of �f H θ and �f Gθ . From Eqs. 18 and 19, the conclusion can be
obtained that the values of �f H θ and �f Gθ increase with an increase in the number of
substituted bromine atoms, and the effect of Nβ is important. When Nβ increases by
1, the values of �f H θ and �f Gθ increase by 23.666 kJ ·mol−1 and 15.062 kJ ·mol−1,
respectively. But the effects of Np and N1,9 on �f H θ and �f Gθ are not prominent.
So it can be concluded that Nα , Nβ , No, and Nm are the primary influence factors on
the values of �f H θ and �f Gθ , and the effect of Nm is smaller than that of the others.
No and Nm also have a great effect on the values of �f H θ and �f Gθ , and the order
of the effect is No > Nm. The relationships between the values of �f H θ and �f Gθ

calculated at the B3LYP/6-31G* level and predicted by Eqs. 18 and 19 are shown in

Fig. 3 �f Hθ of PBDPs calculated at the B3LYP/6-31G* level and predicted by Eq. 18

Fig. 4 �f Gθ of PBDPs calculated at the B3LYP/6-31G* level and predicted by Eq. 19
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Figs. 3 and 4. From the figures, it can be found that the difference between them is
very small. The squared correlation coefficients R2 of Eqs. 18 and 19 are 0.999 and
0.997, respectively. So the values of �f H θ and �f Gθ can be predicted by the NPBS
of PBDP.

3.5 Relations of Structural Parameters and NPBS

The dependence of the PBDP structural parameters on the number of bromines was
also investigated. Using the SPSS 12.0 program, the correlations of the structural
parameters with NPBS for PBDPs are shown in Table 5 (Eqs. 20–27).

Good correlations are found between some structural parameters (q− and EHOMO)
and NPBS. The R2 values of q− and EHOMO are all larger than 0.90. So, q− and EHOMO
can be accurately calculated by NPBS obtained from the molecular structure. At the
same time, Table 5 also shows that the correlations between ELUMO, µ, and NPBS
are very low (all R2 values are smaller than 0.519). R2 values of qH+ with NPBS are
0.835. It indicates that the values of qH+ increase with the number of substituted bro-
mine atoms. As for a, the correlations between NPBS and αxx , αyy , and αzz are 0.961,
0.644, and 0.330, respectively, which may be related to the structure (the molecules
are almost in the same plane).

4 Conclusion

Fully optimized calculations of 75 PBDPs were carried out at the B3LYP/6-31G*
level within the GAUSSIAN03 program, and their structural and thermodynamic
parameters were obtained. By designing isodesmic reactions, the standard enthal-
pies of formation (�f H θ ) and the standard Gibbs energies of formation (�f Gθ ) were
also calculated. The correlations between structural and thermodynamic parameters
and NPBS were discussed. It was found that there exist high correlations between
some structural and thermodynamic parameters and NPBS. These parameters include
Eth, H θ , Gθ ,�f H θ ,�f Gθ , EHOMO, and q−.
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