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The emerging organic pollutants polyfluorinated dibenzo-p-dioxins and dibenzofurans (PFDD/Fs) have attracted wide attention in |
environmental and toxicological effects. Here, based on the results of density functional theory (DFT) calculations, we present detailed |
insight into the formation mechanism of polyfluorinated dibenzo-p-dioxins and dibenzofurans. Fluorophenols are recognized as precursors
of polyfluorinated dibenzo-p-dioxins and dibenzofurans. Using the simple structure 2-fluorophenol as model precursor, the formation |
mechanism of polyfluorinated dibenzo-p-dioxins and dibenzofurans was investigated. Thermodynamic and kinetic analysis suggested |
that only the pathways with no C-F bond breaking are thermodynamically favorable. The possible formation mechanism is compared |
with formation mechanism of polychlorinated dibenzo-p-dioxin/dibenzofurans and polybrominated dibenzo-p-dioxins and dibenzofurans
in the previous literature. The rate constants and their temperature dependence of the crucial elementary reactions are calculated by |
canonical variation transition-state theory with the small curvature tunneling contribution over the temperature range of 600-1200 K. The |
calculated results may help to improve our understanding for the formation mechanism of polyfluorinated dibenzo-p-dioxins and |
dibenzofurans and be informative to environmental scientists. |
|

Keywords: Polyfluorinated dibenzo-p-dioxins, Polyfluorinated dibenzofurans, Fluorophenols.

INTRODUCTION performance in chemical and thermal inertness, low surface
energy, and high surface-active properties, such as fluorinated
ethylene propylene and liquid crystal display (LCD)'*"'. The
principal origin of dioxins is combustion processes, especially
those of municipal solid waste in incinerators'>'*. Along with
the increasing use of fluorine materials, studies need pay more
attention to the possible formation of PFDD/Fs>'>"".
Polyfluorinated dibenzo-p-dioxins and dibenzofurans are
considered to have the similar formation mechanism with
PCDD/Fs and PBDD/Fs. Chlorophenols (CPs) and bromophenols
(BPs) were demonstrated to be the direct precursors of dioxins.
Thus, PFDD/Fs can be predicted to be formed from fluoro-
phenols (FPs) in the municipal waste incinerators (MWIs) or
other high temperature industry processes. Several studies on
dioxins formation from Chlorophenols and bromophenols have

As emerging organic pollutants, polyfluorinated dibenzo-
p-dioxins and dibenzofurans (PFDD/Fs) have been observed
both in laboratory investigation' and in collected samples from
waste incineration of organ-fluorine containing compounds®.
The dioxins are considered to be the major family of persistent
organic pollutants (POPs) with the effect of carcinogenic,
teratogenic, and mutagenic. The PFDD/Fs are fluorinated
congeners which analogous to the polychlorinated dibenzo-
p-dioxin/dibenzofurans (PCDD/Fs) and polybrominated
dibenzo-p-dioxin/dibenzofurans (PBDD/Fs). Thus, they may
result in serious environmental pollution and effect on human
health and attract widespread concern of scientists and the
public*®. Herzke et al.” have measured the distribution and
concentration of PFDD/Fs in Wistar rats' tissue, and revealed

. . 18-20 .
that PFDD/Fs are less toxic than PCDD/Fs and PBDD/Fs. been reported in the preV1ous.w0rks : Coxppared with
However, they declared that the situation might be more PCDD/Fs and PBDD/Fs, the studies on the formation of PEDD/

complex in human, and the data in rat could not exclude the Fs are relatively rare. In this work, the formation mechanism
probability of a massive exposure to huge and multiple doses of PEDD/FS fFom fluorophenols is investigated by using direct
of PFDD/Fs might induce adverse effects on human being. density functional theory (DFT). And, the rate constants of
Fluorine-containing materials have been widely used in elementary reactions involved in the formation of PFDD/Fs

industrial production and daily life industry due to their high- were evaluated.
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COMPUTATIONAL METHODS

The DFT calculations were performed using the Gaussian
03 package on Dell workstation. All geometrical parameters
(reactants, transition states, intermediates and products) were
fully optimized at the MPWB 1K level of theory with a standard
6-31+G(d,p) basis set. The MPWBI1K method has excellent
performance in thermochemistry and thermochemical kine-
tics**, and this method has been successfully used in the
studies of PCDD and PBDD formations****. The nature of
various stationary points was determined by frequency calcu-
lations. To check whether the obtained transition states connect
the right minima, the intrinsic reaction coordinate (IRC)
calculations were carried out at the MPWB1K/6-31+G(d,p)
level. The minimum energy paths (MEPs) were obtained
in mass-weighted Cartesian coordinates. The single-point
energy calculations were carried out at the MPWB1K/6-311+G
(3df,2p) level on the basis of the MPWB1K/6-31+G(d,p)
optimized geometries to yield more accurate energetic infor-
mation.

The theoretical rate constants and their temperature depen-
dence were calculated by using the Polyrate 9.3 program with
the aid of canonical variational transition-state theory (CVT)>*%,
The transmission coefficient was calculated by the small-
curvature tunneling (SCT) method, based on the centrifugal-
dominant small-curvature semi-classical adiabatic ground-state
approximation®’.

RESULTS AND DISCUSSION

Previous studies showed that MPWBIK is an effective
and accuracy method in the calculation of transition state geo-
metries. The calculated data of phenol and dibenzo-p-dioxin
(DD) agreed well with experimental results. The geometries
and vibrational frequencies of phenol and dibenzo-p-dioxin
calculated at the MPWB1K/6-311+G(3dp,2p) level are agreed
well with the experimental values®*, and the relative error
remains within 1.5 % for the geometrical parameters. Yang
et al.” obtained several thermodynamic properties (standard
enthalpy (AH;") and the Gibbs free energy of formation (AG’))
of PFDDs by DFT calculations at the 6-311G(d) level and the
values were consistent with experimental results.

Formation of 2-fluorophenoxy radicals: Previous works
have shown that PCDD/Fs and PBDD/Fs are primarily formed
by the dimerization of chlorophenoxy radicals and bromo-
phenoxy radicals. Thus, the dimerization of fluorophenoxy
radicals (FPRs) can be predicted to be the initial step in the
formation of PFDD/Fs. In the municipal waste incinerators or
other high temperature industry processes, 2-fluorophenoxy
radicals can be formed from fluorophenols through loss of
the phenoxyl-hydrogen via unimolecular, bimolecular, or
possibly other low-energy pathways (including heterogeneous
reactions). In the combustion environment, the unimolecular
reaction includes the decomposition of 2-fluorophenol with
the cleavage of the O-H bond, and the bimolecular reaction
includes attack by atomic H, OH radical, O(CP) and halogen
atoms, efc. The potential barriers (AE) and reaction heats
(AH, 0K) were calculated at the MPWB1K/6-311+G(3dp, 2p)
level.

2-FP — 2-FPR + H barrierless
AH = 84.45 kcal/mol (1)
AE = 13.15 kcal/mol
AH =-13.48 kcal/mol (2)
2-FP + OH — 2-FPR + H,O AE = 1.71 kcal/mol
AH =-13.09 kcal/mol (3)
2-FP + OC’P) — 2-FPR + OH barrierless

AH =-78.59 kcal/mol (4)

2-FP +H — 2-FPR + H

2-FP + Cl — 2-FPR + HC1  barrierless
AH =-33.98 kcal/mol (5)
2-FP + F — 2-FPR + HF barrierless

AH =-44.87 kcal/mol (6)

Formation of PFDDs from 2-fluorophenoxy radical
dimerization: Four PFDD congeners, dibenzo-p-dioxin, 1-
MEFDD, 1,6-DFDD, and 1,9-DFDD, can be formed from the
dimerization of 2-fluorophenoxy radicals. Six possible
formation pathways are depicted in Fig. 1. As shown in Fig. 1,
all PFDD formation pathways start with oxygen-carbon
coupling, followed by F or H abstraction, ring closure, and
intra-annular elimination of F or H. Noted that there is a Smiles
rearrangement after H abstraction in pathways 5 and 6. The
dimerization of 2-fluorophenoxy radicals is a barrierless and
strongly exothermic process. The H abstraction steps are highly
exothermic and have low-energy barriers. In the pathways 1,
3 and 6, ring closure and intra-annular elimination of F occur
in a one-step reaction and are the rate determining step due to
the high barrier and strong endothermicity. Intra-annular
elimination of H is the rate determining step for pathways 2, 4
and 5.

It is clear from Fig. I that intra-annular elimination of H
involved in pathways 2, 4 and 5 are less endoergic than intra-
annular elimination of F involved in pathways 1, 3, and 6 because
the C-F bond is stronger than the C-H bond. Thus, pathways
2,4 and 5 are favored over pathways 1, 3 and 6. Furthermore,
the potential barriers of H abstraction involved in pathways 4
and 5 are lower than that of F abstraction involved in pathway
2. So, pathways 4 and 5 are favored over pathway 2. Hence,
the thermodynamically favorable PFDD formation pathways
are pathways 4 and 5. The resulting 1,9-DFDD and 1,6-DFDD
are the main PFDD products, which differs from the PCDD
formation from 2-CP and the PBDD formation from 2-BP*',

Formation of PFDFs: Three possible formation pathways
of PFDF from 2-fluorophenoxy radicals are illustrate in Fig. 2.
All PFDF formation pathways involve five elementary steps.
Pathways 7 and 9 involve carbon-carbon coupling, H or F abst-
raction, tautomerization, and ring closure and elimination of
OH. Pathway 8 involves carbon-carbon coupling, tautomeri-
zation, H abstraction, ring closure, and elimination of OH.
The ring closure process is the rate determining step due to
the high barrier and strong endothermicity. It can be seen from
Fig. 2 that the formation of IM12 is less exothermic than the
formation of IM11. Moreover, the rate determining step involved
in pathways 7 and 8 have lower barrier and is less endothermic
than that involved in pathway 9. Thus the pathways 7 and 8 is
favorable than pathway 9, and the formation of 4,6-DFDF is
preferred over the formation of 4-MFDF. Comparison of the
thermodynamically favorable formation pathways of PFDD
and PFDF shows that the formation of PFDD and PFDF from
2-fluorophenol are competitive.
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Rate constant calculations: The scarceness of the kinetic
parameters, such as the pre-exponential factors, the activation
energies and the rate constants, of the elementary reactions is
the most difficult challenge in constructing the reaction kinetic
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PFDD formation routes embedded with the potential barriers AE (in kcal/mol) and reaction heats AH (kcal/mol, 0 K) from 2-fluorophenol as

model to predict the potential outcomes of PEDD/F releases
to the environment. In this work, the rate constants of elemen-
tary reactions involved in the formation of PEDD/Fs from the
2-fluorophenol as precursor were calculated by the CVT theory

ARRHENIUS FORMULAS (s AND cm’® molecules” s') FOR UNIMOLECULAR AND BIMOLECULAR REACTIONS, RESPECTIVELY
AND THEIR REGRESSION COEFFICIENTS (R?) FOR ELEMENTARY REACTIONS INVOLVED IN THE FORMATION OF PFDD/Fs
FROM THE 2-FLUOROPHENOL PRECURSOR OVER THE TEMPERATURE RANGE OF 600-1200 K

Reactions Arrhenius formulae R?

2-FP + H— 2-BRP + H, k(T) = (1.98 x 10} exp(-4767.69/T) 0.9680
2-FP+OH —> 2-FPR + H,0 K(T) = (7.90 x 10™) exp(-8743.93/T) 0.9505
2-FP + Cl— 2-FPR + HCI k(T) = (2.73 x 10} exp(-3876.47/T) 0.9721
2-FP + F — 2FPR + HF K(T) = (1.67 x 10™) exp(-4720.36/T) 0.9632
IM2 + H— IM5 + H, K(T) = (4.75 x 10™) exp(-15062.37/T) 0.9565
IM5 — IM6 K(T) = (1.13 x 10') exp(-6450.03/T) 09727
IM6 — 1,6-DFDD + H K(T) = (3.75 x 10") exp(-11235.43/T) 0.9811
IM5 — IM7 k(T) = (3.24 x 10" exp(-9611.78/T) 0.9631
IM7 — IM8 k(T) = (8.01 x 10" exp(-7144.61/T) 0.9887
IM8 — IM9 k(T) = (4.34 x 10" exp(-33.2.77/T) 0.9956
IM9 —s 1.9-DFDD + H K(T) = (1.89 x 10" exp(-10307.08/T) 09716
IM11 +H — IM14 + H, k(T) = (9.88 x 10} exp(-1898.76/T) 0.9684
IM14 — IM15 K(T) = (2.02 x 10™) exp(-7713.47/T) 0.9902
IM15 — IM16 k(T) = (4.29 x 10" exp(-6530.11/T) 0.9510
IM16 — 4,6-DFDF + OH k(T) = (7.97 x 10" exp(-13359.17/T) 0.9779
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Fig. 2. PFDF formation routes embedded with the potential barriers AE (in kcal/mol) and reaction heats AH (in kcal/mol, 0 K) from 2-FP as precursor

with the SCT contribution over the temperature range of 600-
1200 K, which cover the possible formation temperatures of
PFDD/Fs in the municipal waste incinerators or other high tempe-
rature industry processes. Previous studies®*** have clarified the

reliability of the CVT/SCT method. The calculated CVT/SCT
rate constants are fitted and Arrhenuius formulas are listed in
Table-1. The regression coefficients (R?) of all the Arrhenius for-
mulae are high (R*>0.95) indicate that the results are acceptable.



2788 Gao et al.

Asian J. Chem.

Conclusions

In this paper, the formation of PFDD/Fs was theoretically
investigated. 2-Fluorophenol has been selected as a model of
fluorophenols. The rate constants of crucial elementary reactions
were calculated by using the CVT/SCT method. Several specific
conclusions can be drawn from our study:

(1) Thermodynamically favorable PFDD formation path-
ways occur via pathways 4 and 5.

(2) Formations of PFDDs and PFDFs are competitive.

(3) Theoretical calculations suggest that the main dioxin
products from 2-fluorophenol are 1,6-DFDD, 1,9-DFDD, and
4,6-DFDF.

(4) Formation of PFDDs from fluorophenols is relatively
more difficult compared to the formation of the analogous
PCDDs from Chlorophenols and PBDDs from bromophenols.
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