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The difficulty in measuring the heats of combustion of polychlorinated dibenzofurans (PCDFs) has resulted
in a shortage of data on their heats of formation, required for the purpose of developing an understanding of
the role of thermodynamics and kinetics in their production via industrial processes. B3LYP density functional
theory calculations have been carried out on a number of PCDFs using 6-31G(d) anétG{3dl1,p) basis

sets to estimate their heats of formation based on the known experimental values for dibenzofuran, benzene
and chlorobenzene. By examining the interactions among chlorine substituents, it is shown that energy
contributions arising from successive chlorination can be interpreted in a predictable way, based on a small
number of key energy parameters associated with ring position and chlorine atom repulsions. These parameters
have been presented as the basis for a simplified prediction algorithm, which can be used to reproduce the
predicted DFT heat of formation to within a few kJ/mol, avoiding the need to carry out extensive DFT
calculations on the possible 135 isomers of the dibenzofuran group.

Introduction degrees of chlorination of dioxins and dibenzofurans, have been

Dioxin emission limits for industrial processes, such as iron Carried out using the various sets of thermodynamic data from
ore sintering, continue to fali2 and the underlying formation =~ MOPAC and group additivity in the past?*but they are incon-
process becomes more difficult to identify as the formation Clusive, other than confirming that the amounts formed and
pathway becomes an increasingly minor part of the complex predicted do not s_uggest any particular isomer prefgrence on the
range of reactions linked to the combustion process. In attempt-9rounds of exceptional stability, and the depth to which meaning-
ing to determine the manner in which the polychlorodibenzo- ful comparison of experiment and predictions can be carried
p-dioxins (PCDD) and polychlorodibenzofurans (PCDF) are ©Out s limited by uncertainties in the thermodynamic data.
formed, it is useful to determine to what extent the thermody- It might be expected, in view of the concerns over dioxin for-
namic equilibrium concentration distribution is approached. This mation, that a program of calorimetric measurements of the heats
requires the generation of thermodynamic data, which at the of formation would have been carried out or be in progress. In
same time can be used to construct kinetic data for reversibleprinciple, the difficulties of incomplete combustion can now
chemical reactions associated with the formation process.be minimized by use of modern analytical techniques for product
Determination of the heats of formation of chlorinated dioxins analysis and the use of thermodynamic predictive packages to
and dibenzofurans requires the use of combustion calorimetry account for incomplete combustion, but this advance is offset
using a rotating bomb calorimeter, and there are only a limited by the cost of safety requirements which would apply to any
number of evaluations available for PCOD% and none for such procedure. The range of chlorinated compounds which have
PCDFs. Consequently there have been several attempts to deriveeen examined is small, and when those experiments suspected
thermodynamic data for some of the 210 isomers using predic- of inaccuracy are excluded from consideration, the range is still
tive methods. Unsworth and Dordrend Saito and Fuvfaised smaller. Such limited data therefore restrict the judgments which
MOPAC? while other workers have used group additivity can be made to account for energy differences between isomers,
methodst® 22 In view of the approximations involved in the  in particular, interactions between chlorine substituents and the
use of MOPAC, and the lack of facility for tracing program- influence of different substituent positions relative to the oxygen
related errors in predictions, the group additivity method, when pridge.

used with care, is regarded as more reliable. The changes in | s therefore of considerable interest to note that Lee &t al.
heat of formation with chlorination and values for parameters 5ried out ab initio calculations for PCDDs which, when

used in making adjus_tments for interaction betW(_een chlorine onverted to group additivity parameters, imply a less stable
atoms have been estimated for PCDD/Fs by various authors.qptitution of chlorine adjacent to the oxygen bridge than at

The basis of the original estimate by Shétiffers from later o sitions remote from the bridge. Application of these data to

_?_Ethors,dwhosg estirr:jgtgs are ?uhmmarized %Y Dglgofgevé?et.?]l. the hepta-CDDs show relative stabilities which are in agreement
ermodynamic predictions of the isomer distributions, with -, ;i1, typical published experimental observations. However, the

* Corresponding author. Tel 444 114 222 7504. Fax:-44 114 222 Predicted distributions using these group additivity terms do not
7501. E-mail: b.c.ewan@sheffield.ac.uk. agree with those for PCDF§,where the 1,2,3,4,6,7,8-isomer

10.1021/jp0709499 CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/23/2007




5044 J. Phys. Chem. A, Vol. 111, No. 23, 2007 Thompson and Ewan

target molecule 1,2,3,4-teCDF

Generating reaction from dibenzofuran (DF), benzene and
chlorobenzene:

O +4 ) —
SS TN

By equating the calculated heat of reaction with the known
standard heats of formation of reactants and products, i.e.

AH,= § AH -

products

AH?

reactants

PCDF

Figure 1. Atom numbering for PCDD and PCDF, where=Xchlorine. the unknown heat of formation of the target molecule may be
For X = hydrogen, the species are dibenzo-p-dioxin and dibenzofuran. deduced. For all of the CDFs considered, predicted heats of
formation are based on the published values for dibenzofuran,
benzene, and chlorobenzene of 58.82.62! and 52.6! kJ/
mol respectively.

Each molecule involved in the reaction was subject to
calculations at two levels of accuracy. An optimized geometry

is much more abundant than the others. In view of the difficulties

in measuring heats of combustion of PCDFs, and the large num-
ber of DFT simulations involved in assessing the 135 possible
isomers, we have carried out DFT calculations on a number of

representative isomers to determine the feasibility of applying
a group additivity approach to the whole of the PCDF popula-

tion. Establishing these thermodynamic parameters is the first step,

in determining the role of equilibrium or kinetic control in the

was first established using a medium basis set (6-31G(d)), which
uses energy minimization as the optimization criterion within

an SCF framework, and which is recognized as providing a good
geometry representation. Single-point energy calculations were

distribution of these during formation from industrial processes. then carried out at a higher level of accuracy on the optimized

geometry using a larger basis set (6-313(3df,p)), and these
were used to represent the molecular vacuum energy at 0 K.

The method used in estimating the standard heats of formation The vibrational frequencies available within the software
of the PCDF molecules described, begins with the calculation enable the calculation of zero-point energies(ZPE), and the
of a heat of reaction involving each of the target molecules, vibrational, rotational, and translational contributions to the
and combines this reaction enthalpy with known values for the overall molar enthalpy at 298 K. ZPE values were scaled by a
heats of formation of the other species involved. The heats of factor of 0.9804, corresponding to the 6-31Gfdhasis set used
reaction are calculated from the vacuum energies of the for frequency calculations.
individual molecules involved in each reaction. Molecular Each molecular enthalpy is then represented by
energies are calculated at the ab initio level, using@hassian
codel’ In each case, the model chemistry used a density H(298)= Eget Epe 1 E,i5(298) + E (298) +
functional approach based on the B3LYP functional mettid8l. E,and298)+ RT(T = 298)

The procedure follows that used by lreet al2° in the study an
of PCDDs and employs an isodesmic reaction scheme t0 Tne reaction enthalpy changeH; is then calculated from
minimize systematic errors from the use of code. This requires
knowledge of the experimental heats of formation of all of the
participating species apart from the PCDF required, and the
uncertainties in the values for the more highly chlorinated
benzenes precludes their use as reactants and requires a carefResults and Discussion
choice of reaction scheme. . Published values for the heat of formation of chlorinated

Th‘? experimental measurement of the heat O_f fc_:rm_anon Of ben- o sene® and PCDD# derived from ab initio calculations
zene is unusually well characterized: the error limit given by Ped-
ley?! of 40.7 kJ/mol is small. The somewhat larger error limit
of the heat of formation of chlorobenzeng].3 kJ/mol is also,
nonetheless, small in calorimetric terms and implies reliability.

Chirico et al?? obtain a standard heat of formation of 55.2
kJ/mol for dibenzofuran. This replaces an earlier value provided
by Cass et a3 and in view of the large d_|screpancy between based on the reaction scheme shown:
the earlier value, obtained for comparative purposes, and the
more recent evaluation aimed at obtaining an absolute value, cl cl
the more recent result is preferred. These three species are 2 O » Oc' + ©
therefore used as the basis of a reaction scheme in each case.

Conventional atom numbering is used as shown in Figure 1.

The following is an example of the generating reaction used These results are compared in Table 1 with the values
for each of the target molecules considered: obtained by Lén et al?° and available experimental values.

Computation Details

AH, = H,(298) —

products

H,(298)

reactants

show some differences from the results obtained experimentally
for chlorination of benzerté and those inferred from group
additivity considerations for dibenzo-p-dioxins.

In order to show reproducibility with other published work,
we have carried out DFT calculations for the heats of chlorina-
tion of chlorobenzene to 1,2-, 1,3-, and 1,4-dichlorobenzene
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Algorithm for Polychlorinated Dibenzofurans

TABLE 1: Comparison of Calculated Heats of Formation of
Dichlorobenzenes (kJ/mol) and Published Results

J. Phys. Chem. A, Vol. 111, No. 23, 2005045

TABLE 3: Examination of the Interring Interactions on
Multiple Chlorine Substitutions

experimental calculated heat of full heat of 2nd
this _ Leon _ heat of formation  chlorination  chlorination
compound PlatonovSimulin  Pedley* work et af® CDF llsomer (kd/mol) (kd/mol) (kd/mol)
chlorobenzene 5428 52.0 %gg'ggi ég :gi? :%é
1,2-dichlorobenzene 330 30.2 342 340 T odCDE g5 Dy 03
1,3-dichlorobenzene 281 25.7 25.0 24.6 ' : : :
1,4-dichlorobenzene 246 22.5 254 2438

TABLE 4: Bond Lengths (A) and Angles (deg) in
Unchlorinated and Chlorinated Dibenzofuran

1,2,3,4-1,2,3,4,6,7-
DF teCDF hexaCDF 1-monoCDF 1,9-diCDF

TABLE 2: Calculated Heats of Formation and Chlorination
Energies for Mono- and DiCDFs

heat of full heat of 2nd
heat of formation  chlorination  chlorination Cio— G 1.400 1.398 1.389 1.390 1.393
CDF isomer (kd/mol) (kd/mol) (kd/mol) Cis—Cuo 1450 1.450  1.450 1.450 1.470
1-monoCDF 28.4 —26.8 C1o—Cy3 1.400 1.400 1.400 1.400 1.410
C12—0s 1.370 1.370 1.370 1.370 1.360
2-monoCDF 29.1 —26.1
. C11—0Os 1.370 1.360 1.360 1.370 1.360
3-monoCDF 28.7 26.5
Ci13—Cio—C; 135.7 136.1 135.9 136.9 140.0
4-monoCDF 34.4 —20.8
. _ _ C10—C1—Cly 119.4 119.4 120.3 123.8
1,2-diCDF 13.8 41.4 14.6 o it 1207
1,3-diCDF 4.1 —=51.1 —24.3 107 ’
1,4-diCDF 11.4 —43.8 —23.0 carbon adjacent to the first, i.e., conversion of 2-monoCDD to

2,3-diCDD, is—12.9 kJ/mol according to Lee et ab.direct

The experimental data for the heat of chlorination of benzene comparison for chlorination in the 1,3- and 1,4-positions is to
provided by Pedl€¥} is —30.6 kJ/mol for the first chlorination,  be viewed with caution as it involves chlorination of one carbon
and 21.8, 26.3, and 29.5 kJ/mol for further chlorination in the adjacent to the oxygen bridge of dibenzo-p-dioxin in the 1,3-
2-, 3-, and 4-positions respectively. case and two such chlorine atoms substituted adjacent to the

Table 1 shows that the calculated heats of formation in this bridges in the 1,4-case. The heat of chlorination of 1-monoCDD
work are close to those from Lacet al2? and within 2 kJ/mol to 1,3-diCDD from Lee et al® is —22.7 kJ/mol.
of the experimental values, which provides an expected lower These results collectively indicate that the predicted heat of
limit of error for predicted values for the PCDFs considered. chlorination without further chlorine interaction is in the range
The experimental chlorination energy for benzene is also close 23—27 kJ/mol and there is a destabilizing interaction for adjacent
to the value for substitution in dibenzo-p-dioxin in the 2-position chlorine atoms of 1213 kJ/mol.
(—26.2 kd/mol) predicted by Lee et &l The prediction of a smaller heat of chlorination in the

Group Interactions in PCDFs. In order to identify the main 4-position (-20.8 kJ/mol) is comparable to a reduced calculated
contribution to energy differences between the PCDF isomers, €@t of chlorination in the 1-position in dlbe,nzo-p-déoxm
the monoCDFs and a number of the diCDFs are first examined, éPorted by Lee et &b (—18.6 k/mol) and by Lew et al°

and this set is later supplemented by representative exampled ~19-5 kd/mol). A examination of a range of 1-substituted
of more highly chlorinated isomers. Results for key members PCDFs indicates that the destabilizing interaction for a chlorine

of this initial group are summarized in Table 2 and are based &M close to the oxygen bridge in these is consistently found

on the experimental heat of formation of dibenzofuran using to be of the order O_f 6 k.]/mc_)l. . . .
an equation equivalent to eq 1 above. The effect of multiple chlorination on different benzene rings

In Table 2, heats of second chlorination are the difference in can be demonsrated using the diCDFs, and these featurgs have
formation enérgies between the di- and corresponding monoCDF also been found to be applicable to more highly substituted
] 2 ) ‘isomers. Table 3 shows heats of formation and chlorination for
The results for the monoCDFs predict small variations in the tree examples. The 1,7- and 2,8-isomers have been chosen to
stability of single atom substitutions in the 1, 2, and 3 positions, ayoid the specific interaction energies associated with the 4 and
with that of the 4-monoCDF showing the 4-position substitution g positions, and it can be seen that the heats of second
as markedly less stable than the other three. chlorination are closely similar. This suggests that inter-ring
While the heats of chlorination at the 1-, 2-, and 3-positions, substitution effects may be small and that additive heats of
(—26.8, —26.1, and—26.5 kJ/mol) are closely similar, the chlorination on different rings may be applicable within an
predicted heat of chlorination for conversion of monoCDF to a overall methodology to estimate a heat of formation.
diCDF varies considerably with the location of the two chlorine  The 1,9-substitution demonstrates a significant deviation from
atoms on the benzene rings. Considering only the formation of this rule and can be accounted for with reference to Figure 1.
1,2-, 1,3-, and 1,4-diCDF, the first two starting with either For 1,9-substitutions in PCDF, the &IClg distance is around
position substituted, the third with the 4-position substituted, 3.25 A and is a source of significant repulsive interaction. This
to obtain a measure of second chlorination without the influence contrasts with the PCDD geometry where the corresponding
of the oxygen bridge, the second chlorination has a heat of chlorine-chlorine distance is around 4.7 A.
—14.6 kd/mol (1,2- from 1-);-24.3 kJ/mol (1,3- from 1-), and Table 4 presents some bond lengths and angles for DF and
—23.0 kd/mol (1,4- from 4-). For comparison, further chlorina- four CDFs, including the 1,9-isomer.
tion of chlorobenzene to the 1,2-, 1,3-, and 1,4-dichlorobenzene This confirms the view that these parameters are almost
is predicted to involve heats of chlorination 6fL7.8,—27.0, unaffected by chlorine substituents, with the exception of the
and—26.6 kJ/mol respectively. The corresponding experimental 1,9-case where chlorine repulsion causes g—Cio bridge
heats reported by Ped®yof 1,2- from 1-, 1,3- from 1-, and  length increase of 0.02 A and an opening of the-6C10—C;
1,4- from 1- are-21.8,—26.3, and—29.5 kJ/mol, respectively.  and Go—C;—Cl; angles associated with this position by more
The comparable PCDD result for the chlorination of a second than 3.
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TABLE 5: Demonstration of the 8,9 Chlorine Interaction in determine the heat of formation of the PCDF family based on
the Presence of ¢ and Co Chlorine Substitution dibenzofuran, and examination of a number of isomers allows
heat of formation average values to be assigned to these as follows:
CDF isomer (kJ/mol)
1,6,8,9-teCDF 3.3 kJ/mol symbol
1,6,7,9-teCDF -2.3 heat of formation of DF 55.2 E;
1,2,3,4,6,7,9-heptaCDF —24.8 chlorination energy for each chlorine —26.1 E
1,2,3,4,6,8,9-heptaCDF —19.5 repulsion energy for each pair of adjacent chlorines 13.(E3
o o repulsion energy for £or Cs chlorine substitution 75 E4
Examination of the energies in Table 3 and those of other repulsion energy for simultaneous C 271  Es
isomers studied, confirms that a 1,9-repulsion interaction energy  and G chlorine substitution
of close to 27 kJ/mol consistently applies. repulsion correction for Cand G chlorine 55 Es

It has been found that a further consequence arises from this ~ Substitutions when either-@r Cs are substituted

repulsive interaction when there are also chlorine substituents -~ 1ation of a predicted heat of formation can thus be given

at the 2 or 8 position, due to the bending of the @ group by an algorithm based on the following, using 1,2,3,4,7,8,9-
away from the G-C bridge. This has been found to increase heptaCDF as an example:

the destabilizing interaction for adjacent chlorine atoms. This

was indicated above to be approximately 12 kJ/mol, independentheat of formation= E, + 7E, + 5E; + E, + E; + 2E; =

of the position of adjacent chlorines within the isomer. Table 5 ~16.9 kJ/mol

shows the calculated heats of formation for two pairs of isomers

which have identical contributions to the formation energy in ~ Table 6 provides a comparison of predicted heats of formation

terms of the parameters already identified. Both have 1,9- based on the DFT calculation and those obtained by using the

chlorine substitution, and in each case, one member of the pairalgorithm, for 33 isomers of PCDF.

has the chlorine at {ransferred to g The two sets of values show an rms error of 1.7 kJ/mol, which
This gives rise to an additional repulsion term as described is considered to be an adequate representation of the DFT

above and is reflected in the higher heat of formation for predicted results when compared with the likely systematic

8-substituted isomer in the cases shown. errors of these in predicting experimental values, and the existing
Examination of a number of isomers meeting this 1,9- uncertainties of measured values when these are available.

substitution condition has shown that an additional repulsion  The algorithm shows a number of similarities with the energy

interaction of around 5 kJ/mol for each substitution of the 2- or contributions presented by Lee et!ain their analysis of the

8-positions applies. PCDD family. These authors examine a number of chlefine
PCDF Prediction Algorithm. The discussion above suggests chlorine repulsion energy contributions to the overall formation

that there are six principal parameters which can be used toenergy. For example, the €CI repulsion energy for a single

TABLE 6: Comparison of DFT Predicted PCDF Heats of Formation with Those Predicted by the Algorithm

heat of formation differences
using DFT heat of formation (algorithm— DFT)

PCDF isomer (kJ/mol) using algorithm kJ/mol (kJ/mol)
1-monoCDF 28.4 29.1 0.7
2-monoCDF 29.1 29.1 0
3-monoCDF 28.7 29.1 0.4
4-monoCDF 34.4 36.6 2.2
1,2-diCDF 13.8 16.0 2.2
1,3-diCDF 4.1 3.0 -11
1,4-diCDF 11.4 10.5 -0.9
1,6-diCDF 8.3 10.5 2.2
1,9-diCDF 28.7 30.1 14
2,3-diCDF 14.8 16.0 1.2
2,4-diCDF 12.4 10.5 -1.9
3,4-diCDF 19.0 23.5 4.5
1,7-diCDF 1.3 3.0 1.7
2,7-diCDF 3.1 3.0 -0.1
2,8-diCDF 35 3.0 -0.5
1,2,3-triCDF 2.7 2.9 0.2
1,2,4-triCDF —-2.0 —2.6 —0.6
1,3,4-triCDF —3.7 —2.6 11
2,3,4-triCDF 7.5 10.4 2.9
1,2,3,4-teCDF —4.6 2.7 1.9
2,3,7,8-teCDF —23.7 —23.2 0.5
1,2,6,9-teCDF 1.7 3.9 2.2
1,6,8,9-teCDF 3.3 3.9 0.6
1,6,7,9-teCDF —-2.3 -1.6 0.7
2,3,4,6,7,8-hexaCD F —35.2 —34.4 0.8
1,2,3,4,6,7-hexaCD F —36.0 —34.4 1.6
1,3,4,6,7,8-hexaCD F —45.6 —47.4 -1.8
1,2,3,7,8,9-hexaCD F -13.2 -11.3 1.9
1,2,3,4,6,78-heptaC DF —45.9 —47.5 -1.6
1,2,3,4,6,7,9-hepta CDF —24.8 —27.9 —-3.1
1,2,3,4,6,8,9-hepta CDF —19.5 —22.4 —-2.9
1,2,3,4,7,8,9-hepta CDF -16.1 -16.9 -0.8

octaCDF —23.0 —22.5 0.5
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pair of adjacent chlorines is 13.0 kJ for 1,2-diCDD, which is the PCDFs examined can be represented by an algorithm with
identical with theEs value derived in the present work for the six parameters, which can be used to model the whole 135
algorithm. The destabilization energy for a chlorine adjacent to PCDF isomer set.
the oxygen bridge, e.g., 1-monoCDD is 7.36 kJ compared with  This study has shown that DFT calculations can provide not
the preseng, value of 7.5 kJ. only support for additivity procedures in using experimental
Some significant differences also exist, however. The authors results to make predictions for related species which have not
identify additional C+CI repulsion terms of 3.7 kJ for 1,3- been examined (e.g., in this work, confirmation of interaction
substitutions and 2.4 kJ for 1,4-substitutions, as well as inter- of adjacent chlorine atoms and non-interaction of chlorine atoms
ring chlorine-chlorine repulsions of around 1.2 kJ per chlorine on different benzene rings), but also identify strong interactions,
pair in CDDs. The present work with PCDFs also shows as in this case for the 1,9-chlorination, which may contribute
additional repulsion terms originating from such interactions, significantly to relative equilibrium isomer concentrations and
but of a lower magnitude, being below 2 kJ, and not showing which is specific to the DF structure: weaker interactions such

a consistent pattern of behavior. as the chlorine-oxygen bridge interaction and the secondary effect
For example, DFT calculated chlorination energies for the of the 1,9 substitution on 2- or 8-substitution can also be iden-

formation of 1-monoCDF and 2-monoCDF at€6.8 and—26.1 tified. To summarize, the study indicates that the combination

kJ, respectively, whereas the energies of second chlorinationof additivity principles with DFT calculations, where experi-

to form 1,7-, 2,7-, and 2,8-diCDF are27.2,—25.9, and—25.6 mental data for extrapolation are of questionable accuracy or

kJ respectively, indicating the inter-ring interaction to be a absent, or where the potential for additional interactions can be

fraction of a kJ. envisaged, can provide improved data and resolve uncertainties.

The algorithm therefore does not consider these additional
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