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A density functional theory (DFT) study was carried out to investigate possible reactions of dibenzofuran
(DF) and dibenzg-dioxin (DD) in a reducing environment. Reaction energies, barrier heights, and molecular

parameters for reactants, intermediates, products, and transition states have been generated for a wide range

of possible reactions. It was found that-O g-scission in DF incurs a very large energy barrier (107 kcal/
mol at 0 K), which is just 3 kcal/mol less than the direct H fission fromHCin DF to form dibenzofuranyl
radicals. It was found that DF allows direct H addition to-&14 and C6-C9 as well as addition of two H
atoms from a hydrogen molecule at sites 1 and 9 of DF. A bimolecular reaction of DF with Hisifélind

to have a significantly lower barrier than unimolecular decomposition throug@ G-scission. An explanation

for the predominance of polychlorinated dibenzofurans (PCDF) over polychlorinated dipetaxins (PCDD)

in municipal waste pyrolysis is presented in the view of the facile conversion of DD into DF through ipso-
addition at the four C sites of the two«©—C central bonds in DD.

1. Introduction cycle and oxychlorination from metal chlorides, the high yield
) ) o ) of PCDF compared with PCDD in pyrolysis deserves further

Polychlorinated dibenzp-dioxins and dibenzofurans (PCDD/ explanation.
F) have been studied extensively, owing to their highly |, hyrolysis, competition exists between the self-decomposi-
toxicological effects.Many of these studies have been oriented tjon of reactants and primary products and their reactions with
to gain a better understanding of the formation and decomposi- sioms and W Pyrolysis of PCDD/F has been studied
tion pathways of PCDD/F. PCDD/F are formed as byproducts experimentally for the nonchlorinated dibengatioxin (DD)
in industrial and combustion systems when chlorine is présent, by Cieplik et all! and nonchlorinated dibenzofuran (DF) by
including the thermal treatment of municipal waste. Pyrolysis Cieplik et al’* and Winkler et al2 In the study of Cieplik et
treatment of municipal waste is being developed on an g pyrolysis was conducted in an excess of hydrogen (thermal
industriaf# scale as an alternative to the existing incineration hydrogenolysis). Since DD and DF rings constitute the major
systems. Operating conditions in terms of temperature profile, fynctional parts of PCDD/F, these two studies present valuable
oxygen content, and residence time are different in pyrolysis jnformation on the behavior of PCDD/F under pyrolytic
from those present in combustion, especially since pyrolysis of conditions. Both DD and DF produce CO and ethane as major
municipal waste is conducted at temperatures from 450 to decomposition species in addition to trace amounts of naph-
700°C.* the range which spans the upper window of PCDD/F thalene and benzene. Interestingly, DF is an important product
formation. in DD pyrolysis with a selectivity of 50%. It has been repotied

The ratio of PCDD to PCDF in pyrolysis of municipal waste that the rate of disappearance of DD strongly depends on the
differs significantly from that observed in municipal waste concentration of hydrogen atoms while DF consumption is
incineration (MWI)®8 up to 400 times more PCDF are produced insensitive to the concentration ofHCieplik et al'! have found
in pyrolysis compared to PCDBwhile the ratio of PCDD to that DF under conditions of excess tacts 4000 times slower
PCDF in a typical incinerator ranges from 0.4 to’loreover, than DD. Thus, these researchers concluded that DF consump-
the degree of chlorination is shifted considerably toward the tion proceeds via €O S-scission, rather than through a reaction
lower chlorinated congeners as a consequence of low oxygenwith either hydrogen molecule or hydrogen atom.
content in pyrolysis (0.52%). Mechanisms of PCDD/F forma- In our previous study, a detailed mechanism derived by
tion during pyrolysis are not fundamentally different from those density functional theory (DF#j was presented for DF
that take place during incineration, based on finding similar decomposition through reactions with molecular oxygen. This
isomer patterns of PCDD/F in the two systehfSormation of mechanism was found to be in accordance with the experimental
PCDD/F from 2-chlorophenol precursors under oxidative and results. In the present study, DFT is employed to determine the
reducing conditions has been investigated both experimehtally energetics of the self-decomposition of DF, and the reactions
and theoretically® While the shift toward lower chlorinated  of DF and DD with i and H. The results enable us to comment
congeners follows from the suppression of the Deacon reactionqualitatively on the experimental results presented previ-

ously#11.12
* Corresponding author. E-mail: Bogdan.Dlugogorski@newcastle.edu.au, DFT has been utilized in ear"er StUdie_S_ investigating the
Fax: (+61 2) 4921 6920; Tel: £61 2) 4921 6176. behavior of PCDD under reducing conditiofs? In these
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TABLE 1: Barrier Heights (kcal/mol) for Hydrogen

including B3LYP in saddle-point geometries and barrier heights,
Addition Reactions Calculated by B3LYP and BB1K

especially for hydrogen transfer reacticgsiowever, B3LYP

Methods was shown to be slightly more effective in obtaining bond
_ B3LYP/6-311+-G(3df,2p)// BB1K/6-311+G(3df,2p)// energies and stable molecular structures. It is worth pointing
reaction B3LYP/6-31G(d) BB1K/6-31G(d) out that performing single-point energy calculations with
DF+H—VI 2.9 4.4 coupled cluster including single excitation (CCS) has been used
BEi : :';(I ?'g 18'2 as a successful approach to cure the shortcomings of B3LYP
DF + H— XlII 36.5 16.8 in predicting energy barriers for hydrogen addition reactins.
DF +H2— IV 70.1 78.3 However, such calculations are not feasible for the system at
Bgil;lfﬂx\(” 951.;1 978.(? hand due to its high computational requirements.
DD 4+ H — XIV 316 375 As we are concerned with relatively large molecular species,

high-accuracy methods such as G3 are not appropriate; thus,
single-point energy calculations with the extended basis set of
6-311+G(3df,2p) have been performed on the geometry ob-

tained with the 6-31G(d) basis set to obtain reliable energies.

Stationary points (energy minima, transition states) were clas-
sified through diagonalization of the analytical Hessian (number

f of imaginary frequency NIMAG= 0 for energy minima and 1

for transition states).

For certain structures that might express a singlet biradical
structures, such as transition states for hydrogen molecule
addition to DF and for €0 f-bond scission, the ground-state
wave function was tested as to whether it is open- or closed-
) ) ) ) shell by first calculating the triplet electronic state of these

Throughout this study, BSLYP incorporated in tBaussian  stryctures on the basis of geometries optimized previously by
03 code was used to obtain optimized geometries and harmonicine B3LYP method. Reoptimization using the unrestricted
vibrational frequencies of all reactants, products, and transition g3 yp through reading orbitals generated from the triplet state
structures on the reaction energy hypersurfaces. B3LYP employsas an initial guess for the wavefunction yields structures with
the three-parameter Becke exchange functionali’Bath the the same geometries and energies and a zero value f68he
Lee—Yang-Parr nonlocal correctional functional LYPwith operator as were obtained using the restricted RB3LYP method.
the polarized basis set of 6-31G{d)Concerning B3LYP perfor-  Thys; the ground-state wavefunctions for these structures are
mance on dioxin-like compounds, the adopted computational cjpsed-shell. Where appropriate, intrinsic reaction coordinate
approach of B3LYP in this study (i.e., basis set, single point (|RC) calculations have been used to link the reactant and
energy calculations) has been used by Zhu and BoZZéadli product with their transition structures.
calculate heats of formatlom(Hog%) for PCDD/F compounds. The most important interatomic features of the transition states

The calculated values fakHzq, Of dibenzop-dioxin (DD) are displayed in the figures. For several reactions in the self-
and dibenzofuran (DF) are51.8 kJ/mol and 58.2 kJ/mé, decomposition of DF and its reaction with H/Hate constants

respectively, compared with experimental values-&0.1 + have been calculated using conventional transitional-state
2.2 kd/mott and 55.3+ 0.35 kJ/moP? respectively. The theory3!

difference between experimental and calculated values of
A{H3q5 Obtained in that stu.dy can be taken as an estimation of 3 Results and Discussion
the expected error margins in our B3LYP calculations for
energies of stable molecules. In terms of geometries, the BSLYP  3.1. DF System.The presently accepted mechanistic path-
method yields very good agreement when compared with ways for the decomposition of DF under reducing conditions,
structural parameters and vibrational frequencies obtainedin the presence of hydrogen, are those of Cieplik ét @hese
experimentally. Detailed comparisons between calculated andinvestigators have argued that unimolecyldrond scission of
experimental values have been presented by Okamoto®gt al. the C-O bridge initiates DF decomposition, based on the
Thus, on the basis of the available literature data, we expectobserved lack of dependence of the DF decomposition rate on
the accuracy of our calculations using the B3LYP method to the concentration of molecular hydrogen. Here, we present
be acceptably high for reaction energies, vibrational frequencies, theoretical calculations of the various channels associated with
and structural parameters. unimolecular DF decomposition and bimolecular reactions with
As we are aware of the fundamental shortcoming of the H and H, to determine the veracity of the existing mechanism
B3LYP method in determining the shape of the potential energy for the decomposition of DF.
surface (PES) around the transition structure position of H  3.1.1. Unimolecular Decomposition of DRJnimolecular
addition reactions due to its inadequate description of the self- decomposition of DF could be initiated either by-&8 or C—0O
interaction correctiof?26 barrier heights for H and faddition bond scission, because both these bonds are significantly weaker
reactions were also computed by the BB1K method (Tabfé 1). than the aromatic €C bond. The calculated -€H bond
The BB1K method is one of the meta hybrid DFT methods energies in DF range from 110 to 112 kcal/mol (at 0 K); H
such that, in addition to using an HF exchange fraction, it also fission occurs without an intrinsic barrier. Dimers and trimers
abstracts kinetic energy density from KehB8ham orbitals. The of DF were observed in the mass spectrom&tardicating that
successful approach of BB1K in determining barrier heights was dibenzofuranyl radicals are formed through H fission despite
obtained using an HF exchange fraction of 0.42 (compared with the high endothermicity of this reaction. In the experimental

studies, dechlorination of PCDD by hydrogen atoms has been
elucidated as a mechanism responsible for lowering the overall
toxicity of PCDD/F. Herein, theoretical investigations are carried
out to study other important reaction pathways besides dechlo-
rination that PCDD/F are most likely to encounter in a highly
reducing environment such as that existing in the pyrolysis o
municipal waste. Comparison is also made with available
experimental results on the reactivity of DD and DF under
reducing conditions.

2. Computational Methods

0.20 in B3LYP), but also in deploying the kinetic-energy-
dependent dynamical correlation functional BBS®RB1K has
been shown to significantly outperform all hybrid DFT methods

study of Cieplik et all! the most direct unimolecular channel
was assumed to proceed via-G bond scission. The calculated
energy of O-C bond scission using RB3LYP is 98.2 kcal/mol
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Figure 1. Optimized geometries (bond lengths in angstroms and angles in degrees) of transition structures at the B3LYP/6-31G(d) level of theory.
Values are shown in brackets for transition structures of hydrogen addition reactions calculated by BB1K/6-31G(d) level of theory.

(0 K) with a barrier height of 107.1 kcal/mol passing through disappearance of DF was found to be lkig! = 13.3 —

TS1, as illustrated in Figure 1. In the optimized structure (I in (76.6 kcal/mol)/2.8T.1t At temperatures between 1133 and
Figure 2), the C and O atoms are rotated by °18thile this 1213 K, the observed rate constant for DF disappearance is faster
rotation is 90 in the transition state. Note that no equilibrium than that calculated for reaction 1 by more than 4 orders of
structures could be obtained where both C and O were in the magnitude. Thus, our quantum chemical calculation does not
same plane or even rotated to a degree other thaT®L) or support a DF self-decomposition channel throughGC3-bond

180 (1). scission.

Although the energy requirements of the two processes are To investigate more fully the self-decomposition pathway,
very similar, the H loss channel is expected to be more important the potential energy surface (PES) has been plotted in Figure 3
than the C-O bond scission due to entropic effects associated for the subsequent reaction steps after the bond fission as
with species generation in the unimolecular reaction. Entropies proposed in Cieplik et @t The product flux to naphthalene
and enthalpies calculated by conventional transition-state theorywas supposed to pass through the reactions Il (5H-5,9-
have been used to obtain the nonlinear Arrhenius pre-exponentiaimethanobenzo[7]annulen-10-one, structure Il in Figure-2)
factor AT") and energy of activation to yield the high-pressure 1l (5H-benzo[7]annulen-5-ylidenemethanone, structure Il in
rate constank.(T), for reaction 1 as a function of temperature, Figure 2). However, as indicated in Figure 3, this pathway is
given in Table 2. The observed unimolecular rate constant of highly unlikely due to the very high energy barrier (147.6 kcal/
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Figure 2. Optimized geometries (bond lengths in angstroms and angles in degrees) of reactant and intermediates at the B3LYP/6-31G(d) level of
theory.

TABLE 2: Calculated Rate Constants for Key Reaction$

no. reaction TS A n E. (kcal/mol) units

1 DF—1 TS1 1.7x 10% 0.76 108.4 st

2 DF+H2— IV TS3 1.8x 10% 0.0 74.9 cmmolts?
3 DF+ H2—V TS4 7.8x 108 0.0 96.7 crimol~t s
4 DF+H—IX TS8 6.2x 10 0.0 8.5 cnimolts™?
5 DF+H—XI TS9 5.8x 10 0.0 10.2 cmimolts™

aB3LYP was used to calculate the rate constant for reaction 1 and BB1K for reactidns 2

mol at 0 K) relative to DF. Thus, the two unimolecular channels was optimized using B3LYP and BB1K methods. In accord with
for DF decomposition, especially-€0 bond scission, could  the reaction endothermicity, TS3 has a product-like character.
not account for products yield from DF pyrolysis and are In the optimized structure obtained by the B3LYP method, the
expected to be slow when compared with bimolecular reaction H—H bond length is 1.135 A, about 55% longer than the
of DF with H, and/or H in the pyrolytic environment. A detailed  equilibrium bond length in B and the new €H bond is
description of pathways and energetics of these reactions is givenl.434 A. The hydrogen molecule additions are endothermic by
in the next section. 35.3 kcal/mol (0 K) with a computed barrier height of 70.1 kcal/
3.1.2. Bimolecular Reactions of DF with,Hand H. All mol by the B3LYP method,; this barrier increases to 75.4 kcal/
barriers for hydrogen addition reactions calculated by B3LYP mol when optimized with the BB1K method. Thus, reaction
and BB1K are reported in Table 1. In all cases, barrier heights between DF+ H; is energetically favored over-€0 bond
are lower for the B3LYP method. These results are consistentfission. H addition makes the-€C bridge shorter by 0.089 A.
with the general feature of B3LYP underestimating the energy The C—H bond in DF is displaced from the molecular plane
barriers. According to the PES shown in Figure 4, two channels by 7°, a displacement which has also been observed for addition
for the H, + DF reaction are feasible. The first is characterized of two H atoms to benzer@.C—H bonds at sites 1 and 9 are
by addition of both H atoms from the hydrogen molecule at elongated by 0.017 A, enabling H eliminations from the two
sites 1 and 9 of DF to form adduct IV. The TS3 of this reaction hydrogenated sites to take place with endothermicity of ap-
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Figure 3. Schematic pathway for unimolecular pyrolysis of dibenzo-
furan (DF) induced by the fission of-@0 bond. Reaction energies
with ZPE corrections (in kcal/mol) are calculated at the B3LYP/6-
311+G(3df,2p)//B3LYP/6-31G(d) level of theory.
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Figure 4. Schematic pathways for the reaction BfFH,. Reaction
energies with ZPE corrections (in kcal/mol) are calculated at the
B3LYP/6-31HG(3df,2p)//B3LYP/6-31G(d) level of theory. (More
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The second reaction channel is actually the reverse of the
reaction in which H is expelled from VI. (Other analogous
reactions at positions-24 are also to be expected.) The addition
of a single H atom to DF via this channel stabilizes VI by
26.7 kcal/mol (0 K). In TS5, despite the hydrogen atom being
distant by 1.935 A from the DF moiety, it nevertheless has the
effect of elongating the neighboring-& bonds by 0.012 A.
The formation of VIII, with the CH group out-of-plane, requires
an activation energy of 45.3 kcal/mol to take place through TS6.
Structure VIII can be regarded as a direct precursor for the
observed cyclopentadiene derivatitfesith overall endoergicity

of 12 kcal/mol and overall barrier of 24.5 kcal/mol (0 K).

Other channels proceed through ipso-addition to the central
C—C and C-O bonds. H atom addition at the carbon atom of
the C-0 bond requires only 9.0 kcal/mol of activation energy
using the BB1K method, while it is less energy-demanding by
2.5 kcal/mol using the B3LYP method. The reaction is exoergic
by 15.4 kcal/mol. This produces the adduct IX. Ipso-addition
of H at this site enables facile rupture of the-O bond in
structure 1X, leading to the formation of structure X with
16.1 kcal/mol of exothermicty. Using the BB1K method, H
addition to the C-C bridge has a barrier of 10.4 kcal/mol and
passes through the loose transition state TS11; this channel
proceeds until the €C bond breaks, producing structure XII
with an overall endoergicity of 6.2 kcal/mol and overall energy
barrier of 16.4 kcal/mol (TS12). The reverse barriers for both
ipso-addition reactions are found to be greater than the forward
barriers. The opposite argument had been advanced previbusly
to explain that there would be no effective ipso-addition at the
two sites considered, because it had been assumed that the
reverse reactions would dominate.

Consider now a comparison between the calculated rate
constants for Kl reaction with DF and the experimental rate
for DF disappearance under thermal hydrogenolysis conditions.
The limiting high-pressure rate constants for reaction between
DF and H to give IV, V, IX, and XI, respectively, are reported
in Table 2 (reactions -25). With the experimental conditions
of ref 11, viz., 35 bar of molecular hydrogen and a temperature
of 1173 K, the observed first-order reaction rate constant for
DF disappearance is 0.098'sand the pseudo-first-order rate
constant (i.e.ko[H2]) obtained from the calculated bimolecular
rate constant (reaction 2 in Table 2) for 35 bar of isl only

accurate barriers for hydrogen addition reactions calculated by BB1K 0.068x 102 s™L. Thus, the experimental rate constant for DF

method are reported in Table 1.)

proximately 35 kcal/mol (reactions 1> VI + H and VI—
TS5— DF + H). This is significantly lower than the value of
about 110 kcal/mol required for H elimination from DF itself.
The second reaction channel for reactantsddd DF is
slightly exothermic, producing 2-hydroxybiphenyl (structure V
in Figure 2) via a barrier of 98.6 kcal/mol (TS4) using the BB1K

method. This bimolecular channel has been suggested by

Winkler et all2 from their experimental studies of pyrolysis of
DF in argon in which it is supposed tha Fbrms subsequently
after H fission from DF in forming dibenzofuranyl radicals.

H atom reaction with DF proceeds through several channels

disappearance is 140 times faster than the theoretical pseudo-
first-order rate constant for two H additions to DF in excess
hydrogen. However, subsequent bimolecular reactions between
H atoms (e.qg., from fission of H from structure 1V as shown in
the PES of Figure 4) and DF would greatly accelerate the rate
of disappearance of DF and can lead to modeled rates of
disappearance of DF similar to those observed experimentally.
Although our DFT calculations of the initial rate for DF
disappearance (based solely on molecular reaction between DF
and H) are not in quantitative agreement with experimental
findings}!! our calculations do establish the following:

(i) It is clear that the rate of DF consumption in pyrolysis,

as shown in the doublet hypersurfaces displayed in Figure 5.&Specially in the presence of excess hydrogen (thermal hydro-

The first channel involves direct H addition to the oxygen in
the center of the €0—C bridge in DF to produce structure
X1l in a slightly exoergic reaction of-1.5 kcal/mol (0 K).

The reactants climb a sizable barrier of 36.5 kcal/mol character-

genolysis), does not involve the initiaHD bond fission, since
this requires an energy barrier even higher than direct H scission
from a C—H bond of DF.

(il) DF does react with b} in contrast with the interpretation

ized by the transition structure TS10 in Figure 1 calculated by of the experimental results of ref 8 and in accordance with the

B3LYP/6-31G(d) (with single-point calculation with the larger
6-311+G(3df,2p) basis set). This barrier becomes significantly
higher by 10.3 kcal/mol when calculated by the BB1K method.

experimental findings of Winkler et &f.

(iii) Ipso-addition of H atom to the central-&C and C-O
bonds readily produces DF fragmentation rather than equilibra-
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Figure 5. Schematic pathways for the reaction BFH. Reaction energies with ZPE (in kcal/mol) are calculated at the B3LYP/6-G12df,-
2p)//IB3LYP/6-31G(d) level of theory. (More accurate barriers for hydrogen addition reactions calculated by BB1K method are reported in
Table 1.)

tion via the reverse reaction to H and DF, as suggested 0 °
previously!? OF) Q O (©D)
The discrepancy between experimental and theoretical predic- 0

tions for the rate of disappearance of DF can also be attributed +0H°TTSIS +H
to the formation of H atoms from Harising from an external L5[67¢ -224 Ts13
source such as a catalytic wall effect. Combining the unimo-
lecular rate constant for DF disappearance througto®ond ” TS14
scission and bimolecular reactions of DF with H ang ikl (xvu) @ (X1v)
expected to bring the theoretical predictions closer to the experi-
mental rate constant for DF disappearance. Concerning the appar- TTSH -8.8/31.2 aa
ent insensitivity of DF toward reaction with molecular hydrogen, -11.1[3.5% 8.5¢lT515
the two theoretically available channels require very high energy
barriers (78.3 and 98.6 kcal/mol); thus, these two reactions xyy, <5 ©
would be slow at the temperature region over which the experi- ~2 v
ment was conducted (1154262 K), resulting in the observed 31.2¢ o
insensitivity to variation of the hydrogen molecule concentration. 1142~164TS'9
3.2. DD System: Bimolecular Reactions of DD with H and ) OH OH

o}
Conversion of DD into DF. The reaction of H with PCDD (XVIID) ©
has previously been studied by ab initio calculations for Q @ +_H'> O 4-(OH)-DF
1,2,3,4,6,7,8,9-octachlorodibenpedioxin (OCDD)* and for H 8

2,3,7,8-tetrachlorodibenzm-dioxin for (2,3,7,8-TCDD):> Fueno Figure 6. Production of DF from the reaction DB H-. The double

et all4 have assessed the regioselectivity of the OCDD and H dagger symbol after a number denotes an activation energy; no symbol

system to determine whether chlorine atom abstraction by H after a number signifies the energy change of a reaction. Both activation

from OCDD would lead predominantly to the most toxic and reaction energies were calculated at B3LYP/6+3&(3df,2p)//

congener, viz., 2,3,7,8-TCDD. H either abstracts Cl directly to B3LYP/6-31G(d) level of theory.

form HCl or acts through ipso-addition followed by Cl elimina-  pyrolysis so as to establish whether Cl elimination er@bond

tion. At the density functional B3PW91/3-21G** level of theory, fission dominates the decomposition process.

Fueno et al* found that the barrier for direct Cl abstraction by Possible reaction channels between hydrogen atom and DD

H to form HCI is 8.8 kcal/mol, whereas H addition and sub- are shown in Figure 6. In the first channel, a hydrogen atom is

sequent Cl elimination required a barrier of about 5.3 kcal/mol. ipso-added to the C site of the—@® bridge through TS13.
Okamoté® proposed a scheme for decomposition of TCDD  Despite H being distant by 1.836 A from the C atom, it lengthens

involving H irradiation. This required two steps, a successive the G=C double bond by 0.02 A. Using the BB1K method,

abstraction of chlorine by H induced by hydrogen irradiation, TS13 is located 7.6 kcal/mol above the reactants, while it is

followed by C-0O bond fission. In this process, a dative bond 2.3 kcal/mol lower when optimized using B3LYP. Ipso-addition

formed between the O atom of the brokerQ bond and H at this site stabilizes the product, 2-phenoxycyclohexa-2,5-

stabilizes the system, while a hydrogen radical attaches to thedienone (XIV), by 22.4 kcal/mol. The ©C bond in XIV is

C site. This makes the-€0 bond elongate significantly untila  0.061 A longer than the normal-€0 bond in DD, leading to

chemical bond can be formed between O and H. Okathoto facile C—O rupture in a reaction exoergic by 14.4 kcal/mol to

assumed that the chlorine abstraction is rate-determining for thatform the adduct 2-phenoxycyclohexa-2,5-dienone (XV). Bond

decomposition pathway. breakage of the (H)Y€O bond in XIV requires only 8.5 kcal/
Herein, we investigate €0 bond fission of DD (the weakest ~ mol activation energy through the transition structure of TS15.

among the seven distinguishable bonds that form DD) in order XV lies 36.6 kcal/mol below the reactants DB H. Although

to simulate typical reducing conditions in municipal waste intermolecular H transfer from C to the phenoxy O in XV to
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produce 2-phenoxycyclohexa-2,5-dienol (XVI) requires an S-bond scission of the €0 bridge would not be significant,
activation energy (with respect to XV) of 31.2 kcal/mol, the owing to its high energy barrier. While the energy requirements
overall reaction energy is still below that of the separated of H self-expulsion and €0 bond scission are very similar,
reactants. XVI can also be formed through direct H addition to entropic effects are expected to favor H self-expulsion as the
O via TS14 with a relatively high barrier of 37.5 kcal/mol using most accessible corridor for unimolecular decomposition of DF.
the BB1K method, a value which is higher by 5.9 kcal/mol than Bimolecular reaction with a hydrogen molecule is shown to have
that calculated by B3LYP. Thus, it is expected that H addition two energetically feasible channels, ipso-additions of two H
at the C site as opposed to addition to the O site will dominate atoms at sites 1 and 9 of DF and addition to O and C on the
both energetically and also statistically (four C addition sites edge of the central bridge-€0. The first of these reactions is

versus two O sites). more favorable, having an activation barrier of 21.3 kcal/mol
As explained by Cieplik et akl XVl is the precursor for the  less than the latter.
major DD pyrolysis product, DF, and for 4-hydroxydibenzo- DF was shown to admit four reaction channels with H, viz.,

furan, traces of which were detected experimentally. Ring addition at C-O carbon, addition at €0 oxygen, addition at
closure at the ring carbon radical site of XVI and the C atom the C-C carbon bridge in the five membered ring, and addition
bearing the hydroxyl group produces the DF hydroxyl derivative to C atoms of the benzene rings. All addition products are more
XVII through TS17, which is located 3.5 kcal/mol above XVI. stable than the separated reactants. DireeDCbond fission
C-radical site attack at the carbon neighboring O in the other through H addition to the €0 oxygen is expected to be slow
benzene ring affords XVII, a direct precursor for 4-hydroxy- when compared with other available channels, especially H
dibenzofuran via TS19. This transition state is higher by addition to the G-O carbon followed by rupture of the resultant
10.6 kcal/mol than TS14. The difference in energy barriers C(H)—O bond. A detailed mechanism for DD conversion into
highlights why DF is a major DD pyrolysis product whereas DF and hydroxyl-DF comprises H addition to the-O carbon
4-hydroxydibenzofuran is not. Hydroxyl group expulsion from followed by C(H)-O bond fission and H transfer from H to
XVII via TS18 produces DF. The whole mechanism (BDH the C-O oxygen, to result in the structure (XVI) which is a
— DF + OH) is exoergic by 18.4 kcal/mol (at 0 K). direct precursor for DF and hydroxyl-DF. These reactions should

The barrier height for H addition to the carbon atom bonded be of great importance in waste management applications where
to oxygen in OCDD was also calculated by the BB1K method the PCDDI/F profile is dominated by DF congeners. This
and found to be only 0.3 kcal/mol lower than the barrier height hypothesis has been tested for OCDD congener where com-
for the analogous reaction with the nonchlorinated congener parison has been made with literature data for other available
(DD) where our best value for the barrier height using the BB1K channels such as H addition to carbon bearing Cl atoms and
method is 7.6 kcal/mol. On the basis of results from this study direct Cl abstraction to form HCI. H addition to the-© carbon
and from a previous study,three H reaction channels with in OCDD was found to be at least as fast as the other two
OCDD may be compared, viz., H addition to—© carbon channels, taking into account the shortcoming of the compu-
atoms, H addition to carbon bearing a Cl atom followed by CI tational methods in predicting the energy barriers.
elimination, and direct abstraction of Cl by H to form HCI. )
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range of computational errors in the barrier heights would be grant from the Australian Research Coupcﬂ. M.A. acknowlgdge§
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and B3PW91/3-21G** in the case of Fueno ef@l.We find ) ) .

that H attack on the C site of the-€® bridge has a comparable ~ SUPPorting Information Available: - Calculated total ener-
barrier to chlorine abstraction to form HCI (7.3 kcal/mol 9i€S, zero-point energies, Cartesian coordinates, moments of
compared with 8.8 kcal/m#f), and the statistical factors (four ~ In€rtia, and vibrational frequencies of all equilibrium and
sites in DD for G-O against eight sites for -€CI/H in transition states structures. This material is available free of
prechlorinated DD) determine the competition between C| Charge via the Internet at http://pubs.acs.org.

expulsion and €O ring opening where the barriers for the two
processes are similar (7.3 kcal/mol compared with 5.3 kcal/
mol*4). (1) Van den Berg, M.; De Jongh, J. H, P.; Olson, J.Qit. Rev.
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