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ABSTRACT

The atomic charge of 1,2,3,4-TCDD as a model compound of dioxin using the Gaussian 03
program was compared with the radical dechlorination decomposition pathway reported in
the literature. In the case of the atomic charge, the chlorine combined at the position of the
carbon with a large negative charge value was found to have been dissociated first. Among
the atomic charges, the CHelpG charge had the best agreement with the dechlorination deg-
radation results in the literature. Based on the results, it is suggested that the radical dechlo-
rination decomposition pathway of organic chlorinated compounds, including dioxins, can
be predicted through atomic charge calculation.
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1. Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs) are emitted
when chlorine-containing fuels, chemical waste, hospi-
tal waste, and sewage sludge are burned [1,2]. There
are 75 PCDD and 135 PCDF congeners. The dioxins
included in the agrochemicals used in the past are
also significant emission sources [3,4]. Much lower
levels of PCDD and PCDF have been found in the
exhaust from vehicles burning unleaded gasoline, pre-
sumably reflecting the low level of chlorine in fuel [5].

A number of methods for PCDD and PCDF
decomposition have been examined. Five gallons of

sediments (initial conc.: 130 pg/g 2378-T4CDD, 193
pg/g total dioxins) was pretreated in a 600˚C thermal
desorption unit prior to injection into the gas phase
thermal reduction chamber fired at 900˚C. The
removal efficiency of 2378-T4CDD was 25.5%, and that
of the total dioxins was 61.5% [6]. The base catalyzed
decomposition process can chemically decompose
dioxin- and polychlorinated-biphenyl-contaminated
soil at a removal efficiency rate of 99.9999% (initial
conc.: 309 pg/g total dioxins) [7]. Small-scale thermal
testing was done at an 815–980˚C incineration temper-
ature. A greater than 99.999% dioxin removal effi-
ciency rate was obtained (initial conc.: 252 pg/g total
dioxins) [8].

Dechlorination using a zero-valent metal has been
reported [9]. Several studies have been conducted on*Corresponding author.
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the decomposition pathway, degradation intermedi-
ates, and degradation rates of dioxins using the vari-
ous dechlorination methods mentioned earlier, but
few studies have conducted theoretical or quantum
chemical investigations on the dechlorination decom-
position pathway of dioxin [10,11].

This study conducted a comparative examination
of the results of a quantum chemical investigation into
the decomposition pathway reported in the literature,
using Gaussian 03, with 1,2,3,4-TCDD as a model
material.

2. Methods

To predict the decomposition products of 1,2,3,4-
TCDD using ·OH radical, the plane figures of all the
molecules in this study were drawn using the Chem-
Draw program [12]. In addition, the three-dimensional
features of these figures were confirmed with the
Chem3D program, using the CS Chem3D program
package [12]. The Gaussian program obtains the result
file through execution by setting up the calculation
method and best set after creating the input file using
the Chem3D program [13].

Density functional theory calculations were also
carried out with Becke’s exchange functional (BLYP)
[14], to obtain the optimized geometric parameters of
the molecule at the level of BLYP/6-311++G(d,p). The
·OH radical attacks the atom on the benzene ring of
each molecule, which has a strong electrophile.

Therefore, the atomic charge distributions were calcu-
lated for the carbon of benzene, using the CHelpG
[15] and MK (Merz–Kollman/Singh) [16] methods
with these optimized molecular structures.

3. Results and discussion

3.1. Literature research on the radical decomposition
pathway

One of the many isomers of dioxin, 1,2,3,4-TCDD
has a structure in which chlorine is not combined in
positions 7 and 8. It has mostly been used in studies
on the behaviors of dioxin as a model compound as it
is known to be a nontoxic dioxin. The photochemical
or radical decomposition pathway of 1,2,3,4-TCDD
reported in the previous studies is summarized in
Fig. 1 [9,17]. It is reported that a common characteris-
tic of the decomposition pathways of 1,2,3,4-TCDD is
that in general, 1,2,3,4-TCDD’s benzene rings are not
immediately destroyed or opened by photochemical
or radical attacks [11]. The specific location of the ben-
zene rings is attacked; however, dechlorination occurs.
When this happens, 1,2,3,4-TCDD is gradually dechlo-
rinated into low-chlorine dioxin, and finally, dibenzo-
dioxin is generated.

The representative physical and chemical charac-
teristics of dioxins, including 1,2,3,4-TCDD are sum-
marized in Table 1 [18]. It was found that as the
number of chlorine substitutions increases, the melting
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Fig. 1. Literature summary of the radical degradation pathway of 1,2,3,4-TCDD.
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and boiling points become higher, and the vapor pres-
sure becomes lower. Therefore, it turned out that as
the number of chlorine substitutions increases, the vol-
atilization decreases. In addition, it was found that the
Kow value, which represents the degree of bioaccumu-
lation, becomes higher as the number of chlorine
substitutions increases, which indicates that the bioac-
cumulation through the food chain of highly chlori-
nated dioxins is high.

3.2. Atomic charge calculation

In general, various theoretical studies on the
decomposition pathway of dioxins have been pro-
posed, and the electronic cloud [19], HOMO & LUMO
[20], and local energy [21], etc., have been used. In this
study, the charge values of each carbon position of di-
oxins were calculated under the observation that elec-
trophilic reaction occurs as dioxin is substituted by
chlorine. As for the charge, the Mulliken, CHelpG,
and MK values, which are commonly used, were cal-
culated. Table 2 shows the atomic charges of 1,2,3,4-
TCDD and TrCDD. In each of the carbon atoms in
Table 2, the larger the negative value of the atomic
charge is, the greater the reactivity with photochemical
or ·OH radicals, which means that as the value of the
negative charge of the carbon atoms in the benzene

ring becomes larger, the positive charge of the hydro-
gen atoms (H) bonded to the carbon atoms increases,
thereby contributing to the enhancement of the elec-
tron affinity. In the case of 1,2,3,4-TCDD, the Mulliken,
CHelpG, and MK charge values turned out to be
higher in positions 1 and 4 than in positions 2 and 3.
In the decomposition pathway of 1,2,3,4-TCDD
reported in the literature and shown in Fig. 1, 1,2,3-
TrCDD, in which the chlorine in position 4 is dissoci-
ated, was reported, and its results turned out to be in
good agreement with the calculation results. In addi-
tion, as a dechlorination product of 1,2,3,4-TCDD,
1,2,3-TrCDD was reported to generate more than 1,2,4-
TrCDD (53:47%), which was in good agreement with
the calculation results. The reason that the charge val-
ues of positions 1 and 2 are the same as those of posi-
tions 2 and 3 in the Mulliken, CHelpG, and MK
charges of 1,2,3,4-TCDD is its structural symmetry.

In the case of 1,2,3-TrCDD, the Mulliken charge
was higher in position 3, and the CHelpG and MK
charges turned out to be higher in position 1. Even in
the literature, 2,3-DCDD, in which the chlorine in
position 1 of 1,2,3-TrCDD was dissociated, and 1,3-
DCDD, in which the chlorine in position 2 was
dissociated, were reported to be dechlorination
intermediates of 1,2,3-TrCDD, which was in good
agreement with the literature results. In addition, the

Table 1
Chemical properties of 1,2,3,4-TCDD and its degradation products

Compound
Molecular
weight

Melting point
(˚C)

Boiling point
(˚C)

Vapor pressure
(mm Hg, 25˚C)

Log Kow

(25˚C)

1,2,3,4-TCDD 320 188 419 6.4 × 10−6 6.60
1,2,4-TrCDD 286 128 375 1.0 × 10−4 6.35
2,3-DCDD 252 163 358 3.9 × 10−4 5.60
1-MCDD 218 105 325 1.2 × 10−2 5.00

Table 2
Calculated atomic charge distributions of 1,2,3,4-TCDD and TrCDDa

Position

O

O

Cl

Cl

Cl

Cl

1

2

3 4

1,2,3,4-TCDD

O

O

Cl

Cl

Cl

1,2,3-TrCDD

O

O

Cl

Cl

Cl

1,2,4-TrCDD

Mulliken CHelpG MK Mulliken CHelpG MK Mulliken CHelpG MK

1 −0.389 −0.032 −0.177 −0.129 −0.128 −0.250 0.093 −0.024 −0.082
2 −0.022 0.047 0.040 0.282 0.129 0.115 −0.158 0.058 −0.049
3 −0.022 0.047 0.040 −0.531 −0.058 −0.125 – – –
4 −0.389 −0.032 −0.177 – – – 0.491 −0.024 −0.268

aCharges in electron, energies in Hartree.
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production ratios of 2,3-DCDD and 1,3-DCDD were 88
and 12%, respectively, which were in good agreement
with the literature results. In the case of 1,2,4-TrCDD,
the Mulliken, CHelpG, and MK charges turned out to
be higher in positions 2, 1 and 4, respectively. Even in
the literature, 1,3-DCDD, in which the chlorine in
position 1 of 1,2,4-TrCDD was dissociated, 1,2-DCDD,
in which the chlorine in position 4 was dissociated,
and 1,4-DCDD, in which the chlorine in position 2
was dissociated, were reported to be dechlorination
intermediates of 1,2,4-TrCDD, which was in good
agreement with the literature results. According to the
literature reports, the production ratios of 1,3-DCDD,
1,2-DCDD, and 1,4-DCDD were 88, 9, and 3%, respec-
tively, and the CHelpG charge value in Table 3 turned
out to be the highest in position 1, which was in good
agreement with the calculation results, in which the
main product of 1,2,4-TrCDD was 1,3-DCDD.

As described earlier, as 2,3- and 1,3-DCDD were
reported to be major dechlorination intermediates of
1,2,3-TrCDD, their charge values were calculated as
shown in Table 3. In the case of 2,3-DCDD, as its
molecular structure is symmetric, its Mulliken,
CHelpG, and MK charge values turned out to be the
same in positions 2 and 3, which leads to the expecta-
tion that dechlorination will occur in one of the two

positions. In the case of 1,3-DCDD, the Mulliken,
CHelpG, and MK charge values turned out to
be higher in position 1 than in position 3, and
2-MCDD, in which the chlorine in position 1 was
dissociated, was reported to be a dechlorination
intermediate, which was in good agreement with the
literature results.

As 1,3-, 1,2-, and 1,4-DCDD were reported to be
major dechlorination intermediates of 1,2,4-TrCDD,
their charge values were calculated as shown in
Table 3. In the case of 1,4-DCDD, as its molecular
structure is symmetric, its Mulliken, CHelpG, and MK
charge values turned out to be the same in positions 1
and 4, which leads to the expectation that dechlorina-
tion will occur in one of these two positions. In the
case of 1,3- and 1,2-DCDD, their Mulliken, CHelpG,
and MK charge values turned out to be higher in posi-
tion 1 than in position 2 or 3, and 2-MCDD, in which
the chlorine in position 1 was dissociated, was
reported to be a dechlorination intermediate, which
was in good agreement with the literature results.

4. Conclusions

As a result of the comparison of the atomic charge
values of 1,2,3,4-TCDD using the Gaussian 03 program

Table 3
Calculated atomic charge distributions of 2,3-, 1,3-, 1,2-, and 1,4-DCDDa

Position

O

OCl

Cl

2,3-DCDD

O

O

Cl

Cl

1,3-DCDD

Mulliken CHelpG MK Mulliken CHelpG MK

1 – – – 0.557 −0.031 −0.251
2 0.300 0.082 0.036 – – –
3 0.299 0.082 0.036 0.585 0.066 −0.079
4 – – – – – –

O

O

Cl

Cl

1,2-DCDD
O

O

Cl

Cl
1,4-DCDD

Mulliken CHelpG MK Mulliken CHelpG MK
1 0.291 0.012 −0.080 0.732 −0.029 −0.171
2 0.691 0.035 −0.021 – – –
3 – – – – – –
4 – – – 0.732 −0.029 −0.171

aCharges in electron, energies in Hartree.
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and those in the literature on the radical decomposition
pathway, the following conclusions were obtained:

(1) The atomic charge values CHelpG, MK,
Mulliken, in that order, were in good
agreement with the radical decomposition
pathway reported in existing literature;

(2) The atomic charge values showed that chlo-
rine is dissociated by the attack of ·OH radi-
cals on the carbon-bonded hydrogen with a
high negative charge value. The chlorine that
bonded to carbon with a high charge value is
subsequently dissociated; and

(3) The atomic charge calculation can provide us
with a more profound understanding about
reaction pathway and can be a useful tool for
predicting reaction intermediate(s) and final
product(s).
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