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Using the Gaussian 03 program, the thermodynamic properties of 76 polychlorinated anthraquinones
(PCAQNs) have been calculated by density functional theory (DFT) at the BHandHLYP/6-311G** level.
On the basis of the output data of Gaussian, the isodesmic reactions are designed to calculate the standard
enthalpy of formation and standard Gibbs energy of formation of PCAQN congeners. The relations of these
thermodynamic parameters with the number and position of Cl atom substitution (NPCS) are discussed, and
the order of relative stability of PCAQN congeners is theoretically proposed according to the relative
magnitude of their standard Gibbs energy of formation. The results were also compared with those of
polychlorinated dibenzo-p-dioxins (PCDDs). In addition, the values of molar heat capacities at constant
pressure (Cp,m) from (200 to 1000) K for PCAQN congeners are calculated, and the temperature dependence
relation of this parameter is obtained using the least-squares method. Finally, the toxicity orders of PCAQNs
were predicted according to previous experience.

Introduction

Anthraquinone (9,10-dioxoanthracene, chemical formula:
C14H8O2, AQN), is an aromatic organic compound. The structure
is similar to dibenzo-p-dioxin (DD) (see Figure 1). It is a
derivative of anthracene and chemically fairly stable under
normal conditions. AQN has the appearance of yellow or light
gray to gray-green solid crystalline powder and is used in
production of dyes, such as alizarin. Many natural pigments
are derivatives of AQN. AQN is also used as a catalyst in the
production of wood pulp in the pulp and paper industry. Seiji
et al.1 studied the quenching of bacteriochlorophyll fluorescence
in chlorosomes from Chloroflexus aurantiacus by exogenous
quinones, and the results showed quinones which exhibit a high
quenching effect have sufficient hydrophobicity and one or more
hydroxyl groups in the positions R of naphthoquinones (NQ)
and AQN. Yen et al.2 researched acute lethal toxicity of
environmental pollutants to aquatic organisms. They found that
the toxicity of naphthoquinone compounds to chlorella and carp
was higher than that of AQN. A compound with a monochloride
substitution on the AQN ring was less toxic to carp than those
substituted with amine, hydroxyl, and dichlorine groups. Ni-
trobenzene compounds with an additional substitution group on
the p position were extremely toxic to daphnia and carp.
Bramble et al.3 reported rat liver mitochondrial and microsomal
tests for the assessment of quinone toxicity. Results of the
mitochondrial and microsomal assay were statistically correlated
with several quinone physicochemical parameters and qualita-
tively compared to the reduction potential. The biological
response observed in both test systems appeared to be most

strongly influenced by the reduction potential of the quinone.
Biomechanisms of action were suggested on the basis of this
relationship. To assess the ability of the mitochondrial and
microsomal assays to indicate toxicity of the quinoid com-
pounds, results were statistically correlated with literature
derived toxicity data. It was concluded that the mitochoridrial
assay appears to be a valid indicator of acute toxicity, whereas
the microsomal assay better portends the potential for chronic
toxicity. However, thermodynamic data of polychlorinated
anthraquinones (PCAQNs) have not been reported.

In the past, density functional theory (DFT) calculations have
been carried out on a number of polychlorodibenzofurans
(PCDFs) using 6-31G* and 6-311G** basis sets to estimate their
heats of formation on the basis of the known experimental values
for dibenzofuran, benzene, and chlorobenzene.4 Moreover, Zeng
et al.5 calculated the thermodynamic properties of 39 polybro-
minated diphenyl ethers (PBDEs) in the ideal gas state at the
B3LYP/6-31G* level in Gaussian 03 program. Kroon et al.6

predicted thermal decomposition mechanisms, temperatures, and
the activation energies of the thermal breakdown reactions of
ionic liquids using ab initio quantum chemical calculations
(DFT-B3LYP). Larowe and Helgeson7 calculated the thermo-
dynamic properties of biomolecules at high temperatures and
pressures. In addition, the thermodynamic data of polychlori-
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Figure 1. Structure and the systematic numbering of AQN and dibenzo-
p-dioxin (DD).
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nated dibenzo-p-dioxins (PCDDs), PCDFs, polychlorinated
biphenyls (PCBs), and polychlorinated phenoxathiins (PCPTs)
have been calculated by DFT.8-11 It was found that the isomers
with lower free energy have higher formation ratio; that is, the
formation ratios of isomers are consistent with their relative
stabilities.

Dioxin-like chemicals are a family of ubiquitous environ-
mental contaminants known to produce a broad spectrum of
toxic effects in animals, some of which include carcinogenicity,
teratogenicity, immunotoxicity, and endocrine toxicity. PCAQNs
also are one of dioxin-like chemicals. To provide basic data
for studying their formation, degradation, and the environmental
risk of these dioxin-like chemicals, we attempt to study the
thermodynamic properties and the order of relative stability of
dioxin-like chemicals.

In this study, the thermodynamic properties for the 76
PCAQNs were calculated with DFT. By designing isodesmic
reactions, the standard enthalpies of formation (∆fHθ) and the
standard Gibbs energies of formation (∆fGθ) for all PCAQNs
were also obtained. Then, the relationships between these
parameters and the numbers and positions of Cl substitution
(NPCS) were studied. According to the relative magnitude of their
∆fGθ, the relative stability order of PCAQN congeners was
theoretically proposed. On the basis of results, we compared
the volumes, predicted toxicity, and stability of PCAQNs with
the corresponding results of PCDDs. Finally, the Cp,m values at
(200 to 1000) K for PCAQN congeners were calculated using
a statistical thermodynamics calculation program.12

Theory and Calculations

Theoretical calculations of the thermodynamic properties for
76 PCAQNs in the gaseous phase were performed by DFT
methods with the Gaussian 03 program.13 All of the quantum
mechanical computations were performed using the procedure
of BHandHLYP/6-311G**. The term opt freq refers to the
optimization of the molecular structure (opt) followed by
frequencies calculations (freq) performed at the stationary points
on the potential energy surface, and both calculations were made
at the same BHandHLYP/6-311G** level. The standard state
entropy (Sθ), as well as the absolute enthalpy (Hθ) and Gibbs
free energies (Gθ), was obtained directly from DFT calculations
(Gaussian’s output file).

In this paper, PCAQN isomers with one to eight chlorine
atoms are represented by the notation MCAQN, DCAQN, Tri-
CAQN, TCAQN, penta-CAQN, hexa-CAQN, hepta-CAQN, and
OCAQN, respectively. In addition, the positions of Cl substitu-
tion (PCS) consist of the number of the substituting Cl atoms
on different positions of the parent compound and the number
of relative positions of these Cl atoms. The numbers of chlorine
atoms at positions 1, 4, 5, and 8 were defined as NR, the positions
of 2, 3, 6, and 7 as N�, the pair numbers of chlorine atoms at
positions 1,8 or 4,5 as N1,8 and N4,5, and the pair numbers of
the ortho, meta, and para positions of chlorine atoms on one
benzene ring as No, Nm, and Np, respectively. Moreover, the
parameters mentioned above are defined as a general designation
of NPCS, where N is the number of Cl atom substitutions and
the subscript PCS indicates the positions.

Because no experimental data of ∆fHθ and ∆fGθ for PCAQNs
is available, in this study, reaction 1 was designed for calculating
∆fHθ and ∆fGθ. Lee et al.14 used the isodesmic reaction to
calculate the ∆fHθ and ∆fGθ of PCDDs and obtained results
consistent to experimental results. It seems reasonable to expect
that estimates of the thermodynamic properties of PCAQNs,

from DFT calculations based on isodesmic reactions, will be
similarly accurate.

AQN + n chlorobenzene ) PCAQN + n benzene
(1)

The standard enthalpy change of the reaction (∆rHθ) is equal
to the sum of the standard enthalpies of the products obtained
from DFT calculations minus the sum of the standard enthalpies
of reactants:

∆rH
θ ) [HPCAQN

θ + nHbenzene
θ ] - [HAQN

θ + nHchlorobenzene
θ ]

(2)

Similarly, following eq 3 also yields ∆rHθ:

∆rH
θ ) [∆fHPCAQN

θ + n∆fHbenzene
θ ] -

[∆fHAQN
θ + n∆fHchlorobenzene

θ ] (3)

So eq 4 could be obtained from eq 3 and eq 2:

∆fHPCAQN
θ ) HPCAQN

θ + nHbenzene
θ - nHchlorobenzene

θ -

HAQN
θ - n∆fHbenzene

θ + n∆fHchlorobenzene
θ + ∆fHAQN

θ (4)

Similarly, ∆fGθ
PCAQN could be obtained by eq 5:

∆fGPCAQN
θ ) GPCAQN

θ + nGbenzene
θ - nGchlorobenzene

θ -

GAQN
θ - n∆fGbenzene

θ + n∆fGchlorobenzene
θ + ∆fGAQN

θ (5)

To obtain ∆fGθ
AQN, eq 6 was designed:

14Cgraphite + 4H2 + O2 ) C14H8O2 (6)

So:

∆rS
θ ) SAQN

θ - 14SC
θ - 4SH2

θ - SO2
θ (7)

∆rH
θ ) ∆fHAQN

θ - 4HC
θ - 4HH2

θ - HO2
θ ) ∆fHAQN

θ

(8)

∆rG
θ ) ∆fGAQN

θ - 14GC
θ - 4GH2

θ - GO2
θ ) ∆fGAQN

θ

(9)

∆rGAQN
θ ) ∆fGAQN

θ ) ∆rHAQN
θ - T∆rSAQN

θ )

∆fHAQN
θ - T∆rSAQN

θ (10)

The experimental values of ∆fHθ and ∆fGθ for benzene and
chlorobenzene are listed in Table 1, including the calculated
values of Hθ and Gθ at the BHandHLYP/6-311G** level. The
experimental values of compounds mentioned above are taken
from ref 15. At the B3LYP/6-31G* level, the mean absolute
deviation of calculated thermochemical quantities from the
experiment for a variety of compounds is 33.05 kJ ·mol-1, and
the standard deviation is 39.75 kJ ·mol-1.16 Since all of the
values are from theoretical calculations, variables can be exactly
repeatable.

To validate the precision of the method, we have calculated
some thermodynamic data of halogen aroma compounds with
experimental data15 using the same method.17 The calculated
thermodynamic parameters and experimental ones are listed in
Table 2. As seen from Table 2, the conclusions can be obtained:
2,2′-DCB, benzene, and 1,3-dichlorobenzene possess the largest
discrepancies of ∆fHθ, Sθ, and ∆fGθ with values of 14.8
kJ ·mol-1, 17.5 J ·mol-1 ·K-1, and -5.2 kJ ·mol-1, respectively.
Furthermore, in our previous study,18 we calculated ST,m, Cp,m,
∆0

THm/T, and ∆0
TGm/T for 1- and 2-bromonaphthalenes, 2,3-

dibromonaphthalene, and octabromonaphthalene (scale factor
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for frequency ) 0.95) and compared the calculation data with
literature one.19 Where ST,m is molar entropy at T K, Cp,m is
molar heat capacity at constant pressure, ∆0

THm/T the specific
thermal correction to molar enthalpy, and ∆0

TGm/T the specific
thermal correction to molar Gibbs energy. The data are listed
in Table 3, which indicate that the calculation data in this work
match well with those reported in the literature, while in our
other study8 we found that the calculated data of Sθ are in
agreement with the experiment for 1,2-, 1,3-, and 1,4-dichlo-

robenzene at 298.15 K, which indicated that our calculation
method is feasible.

Using a statistical thermodynamics calculation program,12

ideal-gas thermodynamic functions such as molar entropy, heat
capacity, and enthalpy can be computed easily from the
molecular partition function. All of the necessary information
is usually included in the output file from a vibrational frequency
calculation executed using the quantum chemistry software from
Gaussian, Inc. The statistical thermodynamics calculation

Table 1. Thermodynamic Data Used for Calculating ∆f Hθ and ∆fGθ of PCAQNs

∆f Hθ ∆fGθ Hθ Gθ Sθ

no. name kJ ·mol-1 kJ ·mol-1 kJ ·mol-1 kJ ·mol-1 J ·mol-1 ·K-1

1 benzene (PhH) 82.9a 129.66a -609240.4 -609325.9
2 chlorobenzene (CB) 51.8a 99.11a -1815966.4 -1816060.7
3 AQN (XX) -119.4a -6.26b -1807234.6 -1807362.8 429.91
4 graphite (C) 0a 5.69a

5 hydrogen (H2) 0a 130.52a

6 oxygen (O2) 0a 204.93a

a Data from ref 15. b Predicted from eqs 6 to 10 and other data from BHandHLYP/6-311G** calculations.

Table 2. Differences between the Calculated and the Experimental Thermodynamic Parameters

∆Hθ
f Sθ ∆Gθ

f

KJ ·mol-1 J ·mol-1 ·K-1 KJ ·mol-1

number name exptla calcd diff. exptla calcd diff. exptla calcd diff.

1 benzene 82.9 269.3 286.8 17.5 129.7 129.7 0.0
2 chlorobenzene 51.8 313.5 316.1 2.6 99.2 99.2 0.0
3 1,2-dichlorobenzene 30.0 35.5 5.5 341.5 344.0 2.5 82.7 83.9 1.2
4 1,3-dichlorobenzene 28.1 25.3 -2.8 343.5 345.4 1.9 78.6 73.4 -5.2
5 1,4-dichlorobenzene 24.6 24.8 0.2 336.7 345.4 8.7 77.2 72.9 -4.3
6 1,1′-biphenyl 182.1 392.7 385.9 -6.8 280.1 280.3 0.2
7 2,2′-DCB 126.8 141.6 14.8 448.4 239.7
8 4,4′-DCB 120.1 121.5 1.4 444.9 220.6
9 benzenethiol 111.5 336.7 333.6 -3.1 147.6

a Taken from ref 15.

Table 3. Calculation Data of ST,m, Cp,m, ∆0
THm/T, and ∆0

TGm/T for Some Compoundsa

Cp,m ST,m ∆0
THm/T ∆0

TGm/T

T calcdb calcdc diff. calcdb calcdc diff. calcdb calcdc diff. calcdb calcdc diff.
molecule K J ·mol-1 ·K-1

1-bromonaphthalene 298.15 153.85 153.33 0.52 389.14 388.50 0.64 84.99 84.07 0.92 304.15 304.46 -0.31
300.00 154.72 154.24 0.48 390.10 389.45 0.65 85.35 84.47 0.88 304.75 304.99 -0.24
400.00 200.00 200.57 -0.57 440.98 440.35 0.63 108.49 107.85 0.64 332.49 332.49 0.00
500.00 237.40 238.50 -1.10 489.76 489.34 0.42 130.67 130.34 0.33 359.09 359.00 0.09
600.00 267.19 268.44 -1.25 535.79 535.57 0.22 151.04 150.97 0.07 384.75 384.61 0.14
700.00 290.91 292.16 -1.25 578.84 578.80 0.04 169.41 169.50 -0.09 409.43 409.30 0.13
800.00 310.16 311.30 -1.14 618.97 619.11 -0.14 185.81 186.08 -0.27 433.16 433.04 0.12
900.00 325.98 326.99 -1.01 656.45 656.71 -0.26 200.54 200.89 -0.35 455.91 455.82 0.09

1000.00 339.11 340.04 -0.93 691.52 691.85 -0.33 213.76 214.17 -0.41 477.76 477.69 0.07
2-bromonaphthalene 298.15 154.26 153.75 0.51 388.05 390.07 -2.02 84.60 84.43 0.17 303.45 305.65 -2.20

300.00 155.14 154.67 0.47 389.01 391.03 -2.02 85.02 84.87 0.15 303.99 306.18 -2.19
400.00 200.37 200.92 -0.55 440.02 442.03 -2.01 108.37 108.25 0.12 331.65 333.79 -2.14
500.00 237.65 238.78 -1.13 488.88 491.09 -2.21 130.62 130.70 -0.08 358.26 360.38 -2.12
600.00 267.23 268.66 -1.43 534.91 537.37 -2.46 151.04 151.32 -0.28 383.87 386.06 -2.19
700.00 290.83 292.35 -1.52 577.96 580.63 -2.67 169.37 169.83 -0.46 408.59 410.80 -2.21
800.00 309.91 311.46 -1.55 618.09 620.96 -2.87 185.77 186.38 -0.61 432.32 434.58 -2.26
900.00 325.60 327.13 -1.53 655.53 658.58 -3.05 200.46 201.18 -0.72 455.07 457.40 -2.33

1000.00 338.65 340.17 -1.52 690.51 693.74 -3.23 213.68 214.44 -0.76 476.83 479.30 -2.47
2,3-dibromonaphthalene 298.15 170.58 170.47 0.11 421.65 429.61 -7.96 96.11 97.52 -1.41 325.54 332.11 -6.57

300.00 171.46 171.37 0.09 422.74 430.66 -7.92 96.57 97.93 -1.36 326.17 332.72 -6.55
400.00 215.86 216.27 -0.41 478.30 486.30 -8.00 121.00 122.08 -1.08 357.30 364.22 -6.92
500.00 251.96 252.68 -0.72 530.52 538.62 -8.10 143.72 144.70 -0.98 386.80 393.92 -7.12
600.00 280.37 281.23 -0.86 579.05 587.32 -8.27 164.22 165.17 -0.95 414.83 422.15 -7.32
700.00 302.84 303.72 -0.88 624.03 632.43 -8.40 182.46 183.41 -0.95 441.57 449.01 -7.44
800.00 320.87 321.72 -0.85 665.70 674.20 -8.50 198.70 199.63 -0.93 467.00 474.58 -7.58
900.00 335.60 336.39 -0.79 704.36 712.97 -8.61 213.13 214.03 -0.90 491.23 498.94 -7.71

1000.00 347.77 348.51 -0.74 740.39 749.06 -8.67 225.98 226.89 -0.91 514.41 522.16 -7.75

a ST,m is molar entropy at T. Cp,m is the molar heat capacity at constant pressure. ∆0
THm/T is an average thermal correction to molar enthalpy between

0 and T. ∆0
TGm/T is an average thermal correction to molar Gibbs energy between 0 and T. b Taken from literature.19 c Taken from in this work.
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program will automatically extract the essential data from the
Gaussian output file and compute thermodynamic functions at
several temperatures. The theoretical foundation of this Cp

calculation is the partition function and its relationship with
thermodynamic parameters in physical chemistry. The expres-
sion of CV in physical chemistry is as follows:

Cv ) (∂U
∂T )V

) ∂

∂T[NkT2(∂ ln q
∂T )V,N]V

(11)

Cp,m ) CV,m + R ) ) ∂

∂T[NkT2(∂ ln q
∂T )V,N]V

+ R

(12)

As is known, CV and Cp are functions of T for ideal gas, and
Cp,m - CV,m ) R. So, the values of Cp,m at (200 to 1000) K for
PCAQN congeners were calculated on its basis.

In previous reports, Grabda et al. have predicted the gas phase
thermodynamic properties of 209 PBDEs, 209 PBBs, 19 PBPs,
HBCD, and TBBPA using the DFT method.20 They assessed
the quality of the DFT predictions obtained by comparison of
the calculated data with certain experimentally measured
properties of brominated arenes available in the literature. The
results showed that the average standard deviations calculated
for these comparisons amount to (2.6 and 12.7) J ·mol-1 ·K-1

for Cp,m and Sθ, respectively, and 7.5 kJ ·mol-1 for ∆fHθ. It
follows that the parameters obtained by DFT calculations at
only a moderate level of the theoretical depth are accurate, and
the absolute enthalpy (Hθ) and Gibbs energy (Gθ) functions
applied for estimating the ∆fHθ and ∆fGθ afford high quality
results.

In addition, the values of E for DCAQNs were also calculated
at two levels of B3LYP/6-311G** and BHandHLYP/6-
311+2G**. With the lowest value of E at each level defined as
zero, the ∆ER was obtained by the values of others minus the
lowest value and also listed in Table 4. Comparing ∆ER as
shown in Table 4, it was found that ∆ER of 1,4-DCAQN
calculated using three methods is the maximum, and that of
2,6-DCAQN is the minimum. The discrepancies of ∆ER between
the two compounds, by B3LYP/6-311G**, BHandHLYP/6-
311+2G**, and BHandHLYP/6-311G**, are (67.65, 67.49, and
70.11) kJ ·mol-1, respectively. The values of E calculated using
three methods are different, but the order of the relative
magnitude and the change tendency of ∆ER are accordant. So,
the relative stability order of DCAQN congeners proposed at
the BHandHLYP/6-311G** level was feasible theoretically. In
addition, calculation at the B3LYP/6-311G** and BHandHLYP/
6-311++G** levels would cost more computer time, so the
BHandHLYP/6-311G** calculation for all 76 PCAQNs was
chosen in the present study.

Results and Discussion

The calculated values of thermodynamic properties for all
of the 76 PCAQNs in the gaseous state are listed in Table 5.

Relation of the Numbers and Positions of Chlorine Substitute
(NPCS) to Sθ. We have used the multiple linear regression method
of the SPSS 12.0 for Windows program to obtain the relation
between NPCS and Sθ as can be seen in eq 13. From eq 13, it
has been shown that Sθ increases with the increasing number
of chlorine atoms substituted for hydrogen increasing. Equation
13 has a large squared regression coefficient R2 (0.993) and
small standard error SE (3.49), which shows that there exist
good correlations between the values obtained from Gaussian
03 program and NPCS, and each Sθ can be predicted with
reasonable accuracy from the NPCS of PCAQNs. Figure 2 shows
plots of the values obtained from the correlations versus the
corresponding DFT results and their deviations.

Sθ/J · mol-1 · K-1 ) 438.34 + 27.05N

R2 ) 0.993 SE ) 3.49 F ) 10587.763
(13)

Calculated Results of ∆fHθ and ∆fGθ Values and the
RelatiWe Stability of Isomer Groups. With the design of
isodesmic reactions, ∆fHθ and ∆fGθ of PCAQNs were obtained
and are presented in Table 5. Using the multiple linear regression
method, the correlation expressions of ∆fHθ and ∆fGθ to NPCS

are presented in eqs 14 and 15. Equations 14 and 15 clearly
demonstrate that the substitute number and position of chlorine
atoms influence the values of ∆fHθ and ∆fGθ clearly. From eqs
14 and 15, conclusions can be obtained: (I) The values of ∆fHθ

increase with the substitute number of chlorine atoms at
positions R, while they decrease with the substitute number of
chlorine atoms at positions �, and the effect of N� is more
important. When N� increases by 1, the value of ∆fHθ decreases
to 26.332 kJ ·mol-1. (II) The values of ∆fGθ also increase with
the substitute number of chlorine atoms at positions NR, while
they decrease with the substitute number of chlorine atoms at
positions N�, and the effect of N� is more important too. (III)
No, Nm, and Np have great effects on the values of ∆fHθ, as
well as ∆fGθ, with the following order: No > Np > Nm, which
indicates that the chlorine atom located at position ortho
significantly decreases the stability of the congeners. The lower
stability of the ortho substituted PCAQNs certainly results from
epulsive force between the chlorine atoms. (IV) The squared
correlation coefficients R2 of eqs 14 and 15 are 0.985 and 0.986,
respectively. Thus, the values of ∆fHθ and ∆fGθ can be
predicted by the NPCS of the PCAQNs obtained. The difference
between the ∆fGθ values calculated at the BHandHLYP/6-31G*
level and predicted by eq 15 is very small. The plots of the
values obtained from the correlations versus the corresponding
DFT results and their deviations were also shown in Figure 2.

∆fH
θ/kJ · mol-1 ) -117.534 + 3.534NR - 26.332N� +

15.341No + 3.350Nm + 3.395Np

R2 ) 0.985 SE ) 2.764 F ) 910.177
(14)

∆fG
θ/kJ · mol-1 ) -5.967 + 4.539NR - 25.745N� +

15.882No + 3.365Nm + 3.668Np
R2 ) 0.986 SE ) 2.641 F ) 1073.306

(15)

RelatiWe Stability of Isomer Groups and Comparison with
PCDDs. Supposing that the lowest ∆fGθ of the isomers with
the same numbers of substituent chlorine atoms is zero, the

Table 4. Comparison of ∆ER Calculated at Different Levels for
DCAQN

∆ER

kJ ·mol-1

molecule
BHandHLYP/

6-31G*
BHandHLYP/
6-311+2G**

B3LYP/
6-311G**

12 47.50 46.67 45.89
13 33.75 32.91 32.47
14 70.11 67.49 67.65
15 61.38 59.48 59.16
16 31.20 30.63 30.04
17 31.12 30.54 29.93
18 62.73 60.33 60.76
23 12.92 12.46 12.72
26 0.00 0.00 0.00
27 0.10 0.11 0.13
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Table 5. Thermodynamic Parameters of PCAQNs Computed at the BHandHLYP/6-311G** Level and NPCS
a

Vm Sθ ∆f Hθ ∆fGθ ∆fGθ
R Cp,m(J ·mol-1 ·K-1)

molecule Å3 J ·mol-1 ·K-1 kJ ·mol-1 kJ ·mol-1 kJ ·mol-1 constant 10-3 T 105 T-1 107 T-2 R2 SE NR N� No Nm Np N1,8

AQN 245.97 429.91 -119.40 -6.26 550.86 52.54 -1.60 1.49 1.000 1.51 0 0 0 0 0 0

Mono-CAQN
1 262.61 464.67 -115.07 -2.95 29.43 564.23 44.96 -1.56 1.44 1.000 1.46 1 0 0 0 0 0
2 267.37 459.33 -146.09 -32.38 0.00 563.85 45.15 -1.56 1.44 1.000 1.46 0 1 0 0 0 0

Di-CAQN
1,2 287.38 496.22 -125.02 -12.96 44.73 577.63 37.50 -1.53 1.39 1.000 1.40 1 1 1 0 0 0
1,3 281.30 493.47 -138.73 -25.86 31.83 577.40 37.55 -1.53 1.39 1.000 1.40 1 1 0 1 0 0
1,4 291.27 493.43 -102.93 9.95 67.64 577.59 37.40 -1.53 1.38 1.000 1.39 2 0 0 0 1 0
1,5 287.43 493.54 -111.34 1.51 59.20 577.60 37.42 -1.53 1.38 1.000 1.40 2 0 0 0 0 0
1,6 288.08 493.81 -141.22 -28.45 29.24 577.25 37.58 -1.53 1.38 1.000 1.40 1 1 0 0 0 0
1,7 285.45 493.72 -141.30 -28.51 29.19 577.27 37.57 -1.53 1.38 1.000 1.40 1 1 0 0 0 0
1,8 286.40 488.13 -109.94 4.52 62.21 577.41 37.55 -1.53 1.38 1.000 1.40 2 0 0 0 0 1
2,3 288.53 486.73 -159.01 -44.12 13.57 576.53 38.19 -1.53 1.39 1.000 1.42 0 2 1 0 0 0
2,6 279.67 488.29 -172.11 -57.69 0.00 576.78 37.84 -1.53 1.38 1.000 1.40 0 2 0 0 0 0
2,7 289.02 488.25 -171.95 -57.51 0.18 576.75 37.86 -1.53 1.38 1.000 1.41 0 2 0 0 0 0

Tri-CAQN
1,2,3 298.83 525.04 -134.46 -21.66 47.13 591.06 30.11 -1.50 1.34 1.000 1.35 1 2 2 1 0 0
1,2,4 320.53 520.17 -110.39 3.87 72.66 591.14 29.90 -1.50 1.34 1.000 1.34 2 1 1 1 1 0
1,2,5 313.65 519.81 -121.54 -7.18 61.61 590.84 30.06 -1.50 1.33 1.000 1.35 2 1 1 0 0 0
1,2,6 304.81 524.78 -150.64 -37.76 31.03 590.56 30.18 -1.50 1.33 1.000 1.35 1 2 1 0 0 0
1,2,7 309.75 525.85 -150.64 -38.08 30.71 590.69 30.10 -1.50 1.33 1.000 1.35 1 2 1 0 0 0
1,2,8 309.25 514.93 -120.64 -4.82 63.97 590.64 30.20 -1.50 1.33 1.000 1.35 2 1 1 0 0 1
1,3,5 308.21 524.81 -134.58 -21.71 47.08 590.83 29.99 -1.50 1.33 1.000 1.35 2 1 0 1 0 0
1,3,6 300.74 522.49 -164.11 -50.55 18.24 590.41 30.20 -1.50 1.33 1.000 1.35 1 2 0 1 0 0
1,3,7 311.03 522.53 -164.36 -50.81 17.98 590.54 30.11 -1.50 1.33 1.000 1.34 1 2 0 1 0 0
1,3,8 305.88 517.41 -132.95 -17.87 50.92 590.58 30.15 -1.50 1.33 1.000 1.35 2 1 0 1 0 1
1,4,5 303.73 516.72 -103.27 12.02 80.81 590.39 30.20 -1.49 1.33 1.000 1.34 3 0 0 0 1 1
1,4,6 312.23 522.96 -128.68 -15.25 53.54 590.56 30.06 -1.50 1.33 1.000 1.34 2 1 0 0 1 0
2,3,5 310.78 520.92 -153.75 -39.72 29.07 590.01 30.57 -1.50 1.33 1.000 1.36 1 2 1 0 0 0
2,3,6 311.35 516.11 -184.25 -68.79 0.00 589.49 30.86 -1.50 1.33 1.000 1.36 0 3 1 0 0 0

TCAQN
1,2,3,4 325.63 545.27 -101.52 14.59 94.15 605.40 22.10 -1.47 1.29 1.000 1.29 2 2 3 2 1 0
1,2,3,5 327.91 548.17 -130.62 -15.37 64.18 604.31 22.66 -1.47 1.29 1.000 1.30 2 2 2 1 0 0
1,2,3,6 324.99 552.20 -159.51 -45.47 34.09 604.04 22.77 -1.47 1.29 1.000 1.29 1 3 2 1 0 0
1,2,3,7 325.52 551.87 -159.72 -45.57 33.98 604.07 22.76 -1.47 1.29 1.000 1.30 1 3 2 1 0 0
1,2,3,8 330.72 542.50 -129.55 -12.61 66.94 603.87 22.93 -1.47 1.29 1.000 1.30 2 2 2 1 0 1
1,2,4,5 326.78 544.25 -110.76 5.66 85.21 603.84 22.77 -1.47 1.28 1.000 1.29 3 1 1 1 1 1
1,2,4,6 320.21 549.74 -135.52 -20.74 58.82 604.13 22.57 -1.47 1.28 1.000 1.29 2 2 1 1 1 0
1,2,4,7 336.22 549.60 -135.45 -20.63 58.93 604.09 22.59 -1.47 1.28 1.000 1.29 2 2 1 1 1 0
1,2,4,8 333.20 544.20 -111.38 5.06 84.61 603.71 22.86 -1.46 1.28 1.000 1.29 3 1 1 1 1 1
1,2,5,6 321.13 546.63 -131.37 -15.66 63.90 604.05 22.74 -1.47 1.28 1.000 1.29 2 2 2 0 0 0
1,2,5,7 322.32 550.03 -144.14 -29.44 50.11 604.16 22.58 -1.47 1.28 1.000 1.29 2 2 1 1 0 0
1,2,5,8 331.84 544.51 -114.00 2.35 81.90 603.44 22.97 -1.46 1.28 1.000 1.29 3 1 1 0 1 1
1,2,6,7 330.53 551.75 -162.70 -48.52 31.04 603.49 23.07 -1.47 1.28 1.000 1.30 1 3 2 0 0 0
1,2,6,8 327.52 544.25 -143.01 -26.59 52.96 603.79 22.83 -1.47 1.28 1.000 1.30 2 2 1 1 0 1
1,2,7,8 324.98 542.22 -130.95 -13.93 65.62 603.70 22.96 -1.47 1.28 1.000 1.30 2 2 2 0 0 1
1,3,5,7 324.56 555.35 -157.22 -44.11 35.44 604.16 22.51 -1.47 1.29 1.000 1.29 2 2 0 2 0 0
1,3,5,8 329.27 546.55 -125.45 -9.71 69.84 603.54 22.82 -1.46 1.28 1.000 1.29 3 1 0 1 1 1
1,3,6,7 334.71 549.47 -176.24 -61.38 18.17 603.21 23.16 -1.47 1.28 1.000 1.30 1 3 1 1 0 0
1,3,6,8 322.58 546.88 -155.05 -39.42 40.13 603.69 22.81 -1.47 1.28 1.000 1.29 2 2 0 2 0 1
1,4,5,8 331.61 544.65 -100.11 16.19 95.74 602.94 23.15 -1.46 1.27 1.000 1.29 4 0 0 0 2 2
1,4,6,7 332.09 551.71 -140.64 -26.45 53.11 603.39 23.00 -1.46 1.28 1.000 1.29 2 2 1 0 1 0
2,3,6,7 328.22 543.46 -196.21 -79.55 0.00 602.33 23.79 -1.47 1.29 1.000 1.32 0 4 2 0 0 0

Penta-CAQN
1,2,3,4,5 354.02 570.29 -103.17 14.83 70.88 617.87 15.12 -1.44 1.24 1.000 1.24 3 2 3 2 1 1
1,2,3,4,6 344.19 574.62 -126.23 -9.52 46.52 618.40 14.76 -1.44 1.24 1.000 1.23 2 3 3 2 1 0
1,2,3,5,6 345.82 574.82 -140.06 -23.41 32.64 617.59 15.28 -1.44 1.24 1.000 1.25 2 3 3 1 0 0
1,2,3,5,7 358.04 577.31 -152.88 -36.98 19.07 617.58 15.23 -1.44 1.24 1.000 1.24 2 3 2 2 0 0
1,2,3,5,8 356.91 571.77 -122.55 -4.99 51.06 616.82 15.62 -1.43 1.23 1.000 1.25 3 2 2 1 1 1
1,2,3,6,7 351.44 579.32 -171.35 -56.05 0.00 616.89 15.71 -1.44 1.24 1.000 1.25 1 4 3 1 0 0
1,2,3,6,8 354.43 571.82 -151.31 -33.77 22.28 617.18 15.47 -1.44 1.24 1.000 1.25 2 3 2 2 0 1
1,2,3,7,8 350.80 569.63 -139.51 -21.32 34.73 617.09 15.59 -1.44 1.24 1.000 1.25 2 3 3 1 0 1
1,2,4,5,6 340.65 572.06 -121.20 -3.72 52.33 616.85 15.57 -1.43 1.23 1.000 1.24 3 2 2 1 1 1
1,2,4,5,7 353.14 573.77 -132.58 -15.62 40.43 617.06 15.36 -1.43 1.23 1.000 1.24 3 2 1 2 1 1
1,2,4,5,8 349.62 571.99 -108.30 9.18 65.23 616.19 15.84 -1.43 1.23 1.000 1.24 4 1 1 1 2 2
1,2,4,6,7 340.52 577.84 -147.06 -31.32 24.73 616.97 15.52 -1.44 1.23 1.000 1.24 2 3 2 1 1 0
1,2,4,6,8 352.63 573.49 -133.22 -16.17 39.88 616.94 15.44 -1.43 1.23 1.000 1.24 3 2 1 2 1 1
1,2,4,7,8 350.26 571.67 -121.96 -4.37 51.68 616.83 15.59 -1.43 1.23 1.000 1.24 3 2 2 1 1 1

Hexa-CAQN
1,2,3,4,5,6 365.76 597.77 -113.59 5.56 36.24 630.91 7.91 -1.41 1.19 1.000 1.19 3 3 4 2 1 1
1,2,3,4,5,7 372.64 599.78 -124.60 -6.05 24.63 631.12 7.69 -1.41 1.19 1.000 1.18 3 3 3 3 1 1
1,2,3,4,5,8 362.55 597.93 -101.19 17.91 48.60 630.22 8.19 -1.40 1.18 1.000 1.19 4 2 3 2 2 2
1,2,3,4,6,7 370.34 603.22 -137.46 -19.93 10.75 631.22 7.71 -1.41 1.19 1.000 1.19 2 4 4 2 1 0
1,2,3,5,6,7 371.82 602.17 -148.52 -30.68 0.00 631.04 7.90 -1.41 1.19 1.000 1.20 2 4 4 2 0 0
1,2,3,5,6,8 355.24 599.41 -129.37 -10.71 19.97 630.29 8.19 -1.40 1.19 1.000 1.19 3 3 3 2 1 1
1,2,3,5,7,8 369.66 599.47 -130.04 -11.40 19.28 630.28 8.19 -1.41 1.19 1.000 1.19 3 3 3 2 1 1
1,2,3,6,7,8 370.89 597.45 -147.54 -28.29 2.39 630.56 8.19 -1.41 1.19 1.000 1.20 2 4 4 2 0 1
1,2,4,5,6,8 368.35 599.52 -116.09 2.53 33.22 629.53 8.50 -1.40 1.18 1.000 1.19 4 2 2 2 2 2
1,2,4,5,7,8 371.27 599.62 -116.19 2.40 33.08 629.55 8.48 -1.40 1.18 1.000 1.19 4 2 2 2 2 2
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relative standard Gibbs energies of formation (∆fGθ
R) were

obtained by ∆fGθ of other isomers minus the lowest ∆fGθ of
isomers with the same substituent numbers. These values are
also listed in Table 5. From Table 5, it can be found that the
values of ∆fHθ and ∆fGθ are varied between isomers with the
same number of chlorine atoms. For example, among the 22
isomers of TCAQNs, 2,3,6,7-TCAQN possesses the lowest
value of ∆fGθ, and 1,4,5,8-TCAQN possesses the highest
corresponding value, where their discrepancy (∆fGθ

R) is 95.47
kJ ·mol-1. In the same way, the ∆fGθ

R of 1,2,3,6,7-penta-CAQN

is lower than those of the other 14 isomers, and 1,2,3,4,5-penta-
CAQN is higher than those of the others, where their discrep-
ancy (∆fGθ

R) is 70.78 kJ ·mol-1.
In each group of isomers, the most stable and unstable isomers

as indicated by the Gibbs energy of formation can be obtained
and are listed in Table 6. From Table 6, when AQN is
substituted by one, two, and three chlorine atoms, the most stable
and unstable isomers are similar to PCDDs, while to the other
isomers, the results are different (see Table 6). This is because,
for PCAQNs, the value of the ∆fGθ chlorine substituting

Table 5. Continued

Vm Sθ ∆f Hθ ∆fGθ ∆fGθ
R Cp,m(J ·mol-1 ·K-1)

molecule Å3 J ·mol-1 ·K-1 kJ ·mol-1 kJ ·mol-1 kJ ·mol-1 constant 10-3 T 105 T-1 107 T-2 R2 SE NR N� No Nm Np N1,8

Hepta-CAQN
1,2,3,4,5,6,7 396.36 625.36 -121.49 -1.22 0.00 644.31 0.54 -1.38 1.14 1.000 1.14 3 4 5 3 1 1
1,2,3,4,5,6,8 390.38 625.23 -109.04 11.26 12.48 643.48 0.89 -1.37 1.14 1.000 1.14 4 3 4 3 2 2

OCAQN
1,2,3,4,5,6,7,8 414.73 650.95 -101.81 20.17 657.42 -6.71 -1.35 1.09 1.000 1.09 4 4 6 4 2 2

a Vm is the molecular volume. Sθ is standard entropy. ∆f Hθ is the standard enthalpy of formation of the compound. ∆fGθ is the standard Gibbs energy
of formation of the compound. ∆fGθ

R is the relative magnitude of the standard Gibbs energy of formation. Cθ
p,m is the molar heat capacity at constant

pressure. N is the number of Cl atom substitutions, and the subscript PCS indicates the positions.

Figure 2. Plots of the values obtained from the correlations versus the corresponding DFT results.
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position R is 30.284 kJ ·mol-1 larger than the chlorine substitut-
ing position � (see eq 15), while the value of ∆fGθ increases to
15.882 kJ ·mol-1 when the pair numbers of the chlorine
substituting position ortho is increased by 1, so the isomer
chlorine substituting position ortho is more stable than the
chlorine substituting position R. As for PCDDs, the correlation
expressions of ∆fGθ to NPCS are presented in eq 16. When the
value of the ∆fGθ chlorine substituting position R is 8.340
kJ ·mol-1 larger than the chlorine substituting position �, the
value of ∆fGθ increases to 14.321 kJ ·mol-1 when the pair
numbers of chlorine substituting position ortho is increased by
1, that is, the isomer chlorine substituting position R is more
stable than the chlorine substituting position ortho for PCDD
isomers. Because of the differences between two class com-
pounds, when the number of chlorine atoms substituted for
hydrogen is larger than 3, the chlorine atom replaces as much
as possible at position � for the most stable isomers of PCAQNs,
and the more chlorine atoms replaced at position R, the more
unstable the isomer is. However, for PCDDs, the chlorine atoms
replace as far as possible away from the position ortho of other
chlorine atom in the most stable isomer; the more chlorine atoms
replace on the same benzene ring, and the number of positions
ortho is more in the most unstable isomers. These results can
be used to examine if the most stable isomers are the most
abundant in the environment.

∆fGPCDD
θ /kJ · mol-1 ) 63.002 - 5.818NR - 14.158N� +

14.321No + 2.542Nm + 3.701Np
R2 ) 0.956 SE ) 2.478 F ) 301.434

(16)

From the discussion above, the reasons those compounds with
chlorines attached at the position R are most unstable may be
the following: (i) The distance between the Cl atom replaced
at the positions R and the O atom is nearer than that between
the Cl atom replaced at positions � and the O atom, so the
repulsive force between the chlorine and the oxygen atoms is
obviously stronger than that of the latter. (ii) Cl and O atoms
possess negative charges, while the H atom has a positive
charge. So, the higher stability of PCAQNs, with chlorines being
attached at positions �, certainly results from intramolecular
hydrogen bonding occurring between the hydrogen and the
negative regions of the O atom. Taking MCAQNs as an
example, on the basis of Gaussian output files, these data can
be found as shown in Figure 3: the distance (between the Cl at
positions R and the O atom) and charge are 0.2834 nm, -0.0310
e (Cl), and -0.3147 e (O) for Cl at positions R, respectively,
and 0.5273 nm, -0.0534 e (Cl), -0.3288 (O), and 0.141 e (H)
for Cl at positions �, respectively.

Temperature Dependence of Molar Heat Capacity of
PCAQNs at Constant Pressure. The values of molar heat
capacity at constant pressure (Cp,m) for PCAQN congeners have
not been reported. The values of Cp,m (200 to 1000 K) have
accordingly been calculated using a statistical thermodynamics
calculation program based on Gaussian output files.

Using the calculated values of Cp,m of PCAQNs at different
temperatures (T), the relations between Cp,m and temperature
were obtained using the least-squares method, as in eq 17.

Cp,m ) a + b(10-3T) + c(105T-1) + d(107T-2)
(17)

Constant a and regression coefficients b, c, and d are listed
in Table 5. The correlation coefficients (R2) are all equal to 1.0,
and all of the standard deviations (SD) are low.

To validate the precision of the method, we have calculated
Cp,m of some aromatic hydrocarbons at the temperatures between

Figure 3. Actual molecular structures obtained in the DFT optimization of
1-MCAQN and 2-MCAQN.

Table 7. Differences between Calculated and Experimental Values of Cp,m

Cp,m/J ·mol-1 ·K-1

400 K 600 K 800 K 1000 K

name calcda exptlb diff. calcda exptlb diff. calcda exptlb diff. calcda exptlb diff.

aniline 140.21 142.97 -2.76 190.77 192.84 -2.07 224.13 225.06 -0.93 247.55 247.61 -0.06
phenol 132.96 135.77 -2.81 180.47 182.17 -1.70 211.29 211.79 -0.50 232.57 232.17 0.40
benzenethiol 138.70 142.97 -4.27 184.99 192.84 -7.85 215.25 225.06 -9.81 236.20 247.61 -11.41
m-cresol 163.43 162.09 1.34 220.49 218.66 1.83 258.98 256.35 2.63 286.10 286.60 -0.50
p-cresol 163.47 161.71 1.76 220.47 217.99 2.48 258.96 255.68 3.28 286.10 290.70 -4.60
o-cresol 163.22 166.27 -3.05 220.36 220.79 -0.43 258.90 257.53 1.37 286.05 287.94 -1.89
biphenyl 220.10 221.04 -0.94 307.01 307.69 -0.68 363.49 363.67 -0.18 402.15 401.66 0.49
chlorobenzene 126.72 128.11 -1.39 170.54 172.21 -1.67 198.71 200.37 -1.66 217.93 219.58 -1.65
1,2-dichlorobenzene 141.49 142.76 -1.27 182.95 184.39 -1.44 208.99 210.37 -1.38 226.37 227.69 -1.32
1,3-dichlorobenzene 141.85 143.01 -1.16 183.18 184.47 -1.29 209.12 210.41 -1.29 226.43 227.69 -1.26
1,4-dichlorobenzene 141.81 143.26 -1.45 183.14 184.77 -1.63 209.09 210.66 -1.57 226.41 227.86 -1.45
perchlorobenzene 200.45 201.17 -0.72 232.75 233.38 -0.63 250.37 249.74 0.63 260.45 260.83 -0.38
1,2-difluorobenzene 135.54 137.07 -1.53 178.65 181.29 -2.64 205.94 209.70 -3.76 224.16 228.95 -4.79
1,3-difluorobenzene 135.82 136.90 -1.08 179.03 180.46 -1.43 206.21 207.82 -1.61 224.33 225.64 -1.31
1,4-difluorobenzene 135.87 137.40 -1.53 179.05 180.75 -1.70 206.23 207.86 -1.63 224.35 225.89 -1.54
perfluorobenzene 183.10 183.59 -0.49 218.90 219.87 -0.97 240.17 241.08 -0.91 252.93 253.68 -0.75
toluene 142.13 140.08 2.05 197.95 197.48 0.47 236.04 235.60 0.44 263.02 264.93 -1.91
ethylbenzene 168.91 170.54 -1.63 236.46 236.14 0.32 282.96 280.96 2.00 316.06 312.84 3.22

a Calculated using the statistical thermodynamics calculation program. b Taken from ref 21.
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(200 to 1000) K and compared them with the experimental data
(seen Table 7). Table 7 shows that benzenethiol possesses the
largest deviation of -11.41 J ·mol-1 ·K-1, and the differences
of calculated values and those from ref 21 for the other
compounds are small, which indicates the method used in this
study is of high precision.

Molecular Volume of PCAQNs and the Prediction of
Toxicity. In this work, the molecular volume defined as the one
inside a contour with charge density of 0.001 e/Bohr3 was
employed. In addition, the keyword “tight” was chosen so as
to increase the precision of the volume, and the mean molecular
volume Vi (Å3) was obtained from the result of repeated
computation of 10 times and is listed in Table 5. As reported,22

in one series of compounds, molecular volumes are closely
relative to biological toxicity; that is, (309 to 320) Å3 of
molecular volume is key for their high toxicity. The closer to
this volume, the higher toxicity could be observed; that is, an
inversed “V” type relationship could be found between effective
concentration and molecular volume with its maximum being
(309 to 320) Å3 (see Figure 4). Figure 5 is drawn by using the
molecular numbers as the x-axis and Vm of PCAQNs and PCDDs
as the y-axis. As shown in Figure 5, with the increase of the
chlorine substituted number, Vm of PCAQNs and PCDDs
exhibits the same changing trend. For the isomers with the same
chlorine substituted number, Vm of PCDDs is slightly smaller
than that of PCAQNs. As shown in Table 5, all of the Vm of
tri-CAQNs are almost (309 to 320) Å3; that is, tri-CAQNs may
be the most toxic for PCAQN congeners. When the chlorine-
substituted number is above four, molecular volume will be
larger than 320 Å3, and ultimately, its toxicity will decrease.
Meanwhile, for PCDDs, the congeners with four chlorine atoms
(the volumes are (300 to 320) Å3) possess the most toxicity.

Conclusions

76 PCAQNs were fully optimized at the BHandHLYP/6-
311G** level, and thus their Hθ, Sθ, and Gθ were conse-
quently obtained. In addition, ∆f Hθ and ∆f Gθ of formation
for each PCAQN molecule were calculated by isodesmic
reactions. The results showed that all of these thermodynamic
parameters have a close relationship with the numbers and

positions of chlorine substituents (NPCS). Thus, the enthalpies
and Gibbs energies of formation for 76 PCAQN congeners
should be valuable in further thermodynamic modeling
studies. According to the relative magnitude of their ∆f Gθ,
the order of relative stability of PCAQN congeners was
theoretically proposed. It is found that the most unstable
isomers are those with chlorines attached at the same aromatic
ring while being close to each other, while the most stable
isomers are those with chlorines replaced at two aromatic
rings if possible, so that the chlorines can be apart from each
other. Moreover, it is determined that there is a very good
relationship between Cp,m and temperature for the PCAQN
congeners. The relative stabilities and toxicity predicted of
PCAQNs were also compared with those of PCDDs.
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