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In this project, our goal was to extend our previous work on PCDD/F formation, 
supported by NSF, to complex mixtures of chlorinated phenol precursors. Doctoral 
student Duane Nakahata studied gas-phase, homogeneous pathways under RFHEE 
support, and doctoral student Jae-Yong Ryu studied CuCl2-catalyzed, heterogeneous 
pathways under EPA support. 

In gas-phase experiments, effects of the location of chlorine substitution and the 
number of chlorine substituents on phenol precursors were studied for two mixtures: 23-, 
24- and 25-dichlorophenols (1) and 2-, 23-., 234- and 2345- chlorinated phenols (2). 
Formation of dibenzofuran from phenol was found to be the dominant gas-phase 
pathway. Therefore, a computational study was undertaken to study this reaction (3). 

In the CuCb experiments, PCDDs were the major products, and 2,4,6 chlorinated 
phenols were the most important precursors (4). Since dibenzofuran and, to a lesser 
extent, dibenzo-;?-dioxin were major products in the gas phase, chlorination of these 
compounds on CuCb was also studied (5). Finally, PCDD/F isomer patterns from 
incinerators were compared with those produced by phenol condensation pathways, 
chlorination pathways, and dechlorination pathways (6). This last research product, 
which represents a synthesis of our findings, will be of value in the interpretation of jet-
REMPI measurements of PCDD/F emissions. 
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EFFECT OF DICHLOROPHENOL SUBSTITUTION PATTERN ON FURAN 

AND DIOXIN FORMATION 
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Environmental Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332-0512, USA 

The gas-phase formation of tetrachlorodibenzofurans (T4CDFs) and dichlorodibenzo-p-dioxins 
(DCDDs), and trichlorodibenzofuranols (T3CDF-ols) from combinations of 2,3-, 2,4-, and 2,5-dichloro-
phenols (DCPs), each of which have one ortho site chlorinated, was studied to assess the effect of chlorine 
substitution pattern on reactivity. Benzene containing DCP, dissolved individually and in mixtures of equal 
amounts, was vaporized when combined with a heated gas stream (1% total organic vapor, 8% oxygen) 
and passed through a 10s flow reactor. Maximum gas phase formation of furan and dioxin occurs at 
temperatures between 500 and 700 °CC. Results confirm that chlorine substitution at ortho sites it is 
necessary for dioxin formation via carbon-oxygen coupling, whereas formation of both dibenzofurans and 
dibenzofuranols occurs via carbon-carbon coupling at unsubstituted ortho sites. Effects of die second 
chlorine substituent were complex. In single DCP precursor experiments, 2,3-DCP strongly favored 
T4CDF formation, whereas the greatest DCDD yield was from 2,4-DCP. T3CDF-ol was produced only 
from 2,5-DCP, consistent with a reaction mechanism that requires a chlorine meta substituent adjacent to 
an unsubstituted ortho site in the phenol precursor. In DCP mixture experiments, T4CDF yields were 
greatest from 2,3- and 2,5-DCP, two 2,3-DCP, and 2,3- and 2,4-DCP, consistent with diese combinations 
of phenoxy radicals having at least steric hindrance in carbon-carbon coupling. DCDD yields were greater 
from combinations of 2,3- and 2,4-DCP and 2,3- and 2,5-DCP than from combinations of two 2,3-DCP, 
two 2,4-DCP, and two 2,5-DCP. In all cases, homogeneous gas-phase formation of furan was favored over 
dioxin from DCP containing one ortho chlorine substituent. Moreover, secondary furan products, but not 
dioxin products, were formed by reactions involving phenol, produced from benzene, and monochloro-
phenols, produced from DCP. This work contributes to a better understanding of factors that control the 
distribution of furan and dioxin products formed in the gas phase of combustion exhaust streams. 

Introduction 

In incinerators, polychlorinated dibenzo-p-dioxins 
(PCDD) and dibenzofurans (PCDF) are formed 
from chlorinated phenols by homogeneous, gas-
phase reactions at high temperatures in the post-
combustion zone, as well as through low-tempera­
ture, heterogeneous, fly ash-mediated pathways in 
particle collection devices. In spite of considerable 
research over the past 25 years, a detailed under­
standing of the chemical mechanisms of PCDD/F 
formation is still incomplete. For example, little is 
known about factors that govern the distribution of 
PCDD/F congeners produced from multiple pre­
cursors. Chlorinated phenols and phenol are the 
most direct PCDD/F precursors [1] and among the 
most abundant aromatic compounds found in incin­
erator gas emissions [2]. However, effects of the de­
gree (number of chlorine atoms) or pattern of sub­
stitution of chlorinated phenol precursors on 
PCDD/F formation are not well understood. 

Chlorinated phenols and phenol readily form neu­
tral phenoxy radicals capable of reacting at the oxy­
gen site as well as at the ortho and para carbon sites 

[3]. PCDD can be formed by phenolic oxygen cou­
pling to a chlorinated ortho carbon site of a second 
phenoxy radical to form the keto-tautomer of o-
phenoxyphenol (POP) [4]. This radical-radical route 
is likely favored over a radical-molecule route due to 
the abundance of phenoxy radicals and the large en­
ergy barrier (more than 20 kcal/mol) for phenoxy 
radical addition to phenol [5]. The electron-with­
drawing Cl-atom substituent facilitates oxygen-car­
bon coupling. Subsequent loss of a Cl atom results 
in the formation of a resonance-stabilized phenoxy-
phenoxy radical, which can undergo five-member 
ring closure similar to Smiles rearrangement [6]. 
Ring expansion with elimination of a second Cl atom 
results in the-formation of a pair of PCDD isomers 
[7]. 

PCDF formation, on the other hand, most likely 
occurs by carbon-carbon coupling of phenoxy radi­
cals at ortho sites, which leads to the o,o'-dihy-
droxybiphenyl (DOHB) intermediate [8] via its keto-
tautomer. Coupling occurs at less crowded 
(unsubstituted) ortho sites. Phenoxy radicals pref­
erentially approach each other in a sandwich-like 
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FIG. 1. Reaction pathways for conversion of 2-CP to 4,6-DCDF (1) and DD (2) and conversion of 3-CP to 1,7-DCDF 
(1) and 7-MCDF-l-ol (3). 

geometry with overlap of the aromatic n systems; 
coupling occurs at sites of highest spin density and 
for geometries of least steric hindrance [9|. Loss of 
H20 from DOHB yields PCDF with no loss of chlo­
rine. 

The routes to PCDF and PCDD described above 
are depicted bypaths (1) and (2), respectively, in Fig. 
1 for the combination of two 2-chlorophenoxy radi­
cals. In a paper presented at the previous combus­
tion symposium [10], we showed results of 2-chlo-
rophenol (2-CP) pyrolysis indicating that path (2) to 
dibenzo[p]dioxin (DD) is favored over path (1) to 
4,6-dichlorodibenzofuran (4,6-DCDF) in the ab­
sence of oxygen. Under oxidative conditions, how­
ever, path (1) to 4,6-DCDF is favored. These results 
are consistent with thermodynamic estimates of the 
following overall reactions. 

2 2-CP -> DD + 2 HC1 

AHr = + 1 kcal/mol (1) 

2 2-CP -> 4,6-DCDF + H2 + H 2 0 

zlHr = + 12 kcal/mol (2) 

2 2-CP + 0.5 Oz -> 4,6-DCDF + 2 H 20 

AHr = - 4 6 kcal/mol (3) 

Under pyrolytic conditions, DD formation (reaction 
1), which is nearly thermoneutral, is thermodynam-
ically favored over 4,6-DCDF formation (reaction 

2), which is endothermic. Under oxidative condi­
tions, 4,6-DCDF formation (reaction 3), which is 
highly exothermic, is thermodynamically favored. 

A third pathway was identified in our previous 
work as well—the formation of dibenzofuranol from 
a phenol witli an unsubstituted ortho site adjacent 
to a Cl-substituted meta site. This is depicted bypath 
(3) in Fig. 1 for one combination of 3-chlorophenoxy 
radicals. The DOHB intermediate can either elimi­
nate H 2 0 to produce 1,7-dichlorodibenzofuran (1,7-
DCDF), as shown by path (1), or eliminate HCl to 
produce 7-chlorodibenzofuran-l-ol (7-MCDF-l-ol), 
as shown by path (3). 

In this paper, effects of the chlorination pattern of 
three dichlorophenol (DCP) isomers on the distri­
bution of furan and dioxin products are discussed. 
2,3-DCP, 2,4-DCP, and 2,5-DCP were studied be­
cause each contains one Cl-substituted and one un­
substituted ortho carbon site; therefore, bodi PCDD 
and PCDF products can be formed. Dibenzofuranol 
products can be produced from 2,5-DCP. Isomer-
specific products of paths (1), (2) and (3) shown in 
Fig. 1 are listed in Table 1. 

Experimental 

Experiments were conducted in an electrically 
heated, quartz tube flow reactor, 40 cm in length and 
1.9 cm in diameter, at temperatures ranging from 
500 to 700 °C in 25 °C increments. Benzene solu­
tions containing single and multiple DCP reactants 
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TABLE 1 
Expected dioxin and furan products from combinations of dichlorophenols 

DCP combination 23-/23- 24-/24- 25-/25- 23-/24- 23-/25- 24-/25-

T4CDF \(n) ( o ) 2
3 3467- 2468- 1469- 2467- 1467- 1468-

9 1 

DCDD 7 f o | T o l o 16" /19" 2 7" / 2 8- 27" / 28- 17" /18- 17- /18" 2 7" / 2 8-

T3CDF-I-0I 

9 v 1 
6 XL 4 

269- 267- 268-

(150 mg each per 1 mL benzene) were prepared. A 
syringe pump injected reactant solution continu­
ously into a heated (170 °C) gas stream of 92% ni­
trogen and 8% oxygen. The resulting gas stream con­
tained approximately 1% benzene vapor and 0.1% 
DCP vapor (each). A nominal residence time in the 
reaction zone of 10 s was maintained. Aromatic 
products and soot were collected using a dual ice-
cooled dichloromethane (DCM) trap. Sample solu­
tions were filtered (0.2 fim pore), with soot yields 
(DCM-insoluble fractions) determined gravimetri-
cally. 

Filtered sample solutions were analyzed by gas 
chromatography-mass spectrometry (GC-MS) with 
a DB-5 ms GC column. The elution order of PCDF 
on DB-5 columns is known [11]. The six tetrachlo-
rodibenzofuran (T4CDF) isomer products listed in 
Table 1 were separated and identified, as were four 
of the six dichlorodibenzo-p-dioxin (DCDD) isomer 
products. The 1,7- and 1,8-DCDD isomers and the 
2,7- and 2,8-DCDD isomers coelute. Two trichlo-
rodibenzofuranol (T3CDF-ol) peaks were observed, 
easily differentiated from trichlorodibenzo-p-dioxin 
isomers by elution time. In addition to these furan 
and dioxin products from DCP pairs, secondary 
products arising from combinations involving phenol 
and chlorophenols were identified. These include 
three dichlorodibenzofuran (DCDF) isomers, all 
four monochlorodibenzofurans (MCDF), and un-
chlorinated dibenzofuran (DF). Six small trichloro-
dibenzofuran (T3CDF) peaks and one small mon-
ochlorodibenzofuranol (MCDF-ol) peak were also 
detected. Standards used to determine response fac­
tors included all detected phenols and benzenes and 
unchlorinated DF and DD. 

Results and Discussion 

Overall Product Distributions at 600 °C 

Product yields from individual DCP experiments 
and DCP mixture experiments at 600 °C are fisted 
in Table 2 on a percentage of carbon feed basis. The 
amount of unreacted DCP recovered at 600 °C 
ranged from 3 % to 4.5% of the total carbon feed, or 
45% to 60% of the DCP feed. Total aromatic prod­
uct yields ranged from 1.8% to 2.8%. Soot yields 
were higher in DCP mixture experiments than in 
single DCP experiments, likely due to the higher 
total DCP concentrations in the mixture experi­
ments. While the total carbon feed rate remained 
the same, the fraction of total DCP, which is more 
reactive than benzene, was greater in the mixture 
experiments. 

In all cases, the major aromatic product was un­
chlorinated phenol, with yields at 600 °C ranging 
from 1.2% to 1.8%. DCP dechlorination products 
were also observed, with total chlorophenol (CP) 
yields ranging from 0.1% to 0.25%. Given the low 
CP yields, it is clear that phenol was derived from 
benzene and not CP dechlorination. Dichloroben-
zenes were also derived from DCP. No chlorination 
products were observed. Relative rates of DCP de­
chlorination at different sites can be deduced from 
CP isomer yields. 2,3- and 2,5-DCP produced 2.6 
and 3.1 times as much 3-CP as 2-CP, whereas 2,4-
DCP produced only 1.3 times as much 4-CP as 2-
CP. Therefore, dechlorination of phenols appears to 
be favored at ortho and, to a lesser extent, para sites. 
An implication of this result is that dechlorination of 
phenol precursors in the gas phase favors furan for­
mation since ortho chlorine substituents are re­
quired for dioxin formation. 
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TABLE 2 
Aromatic product yields (percent carbon feed basis) from dichlorophenols in benzene at 600 CC 

DCP Reactants 23- 24- 25- 23-/24- 23-/25- 23-/24-/25-

Unreacted DCP: 
23-DCP 3.71 3.94 3.98 4.09 
24-DCP 3.00 4.35 3.80 
25-DCP 4.47 4.44 4.14 

Total aromatic products 2.056 1.782 2.311 2.335 2.134 2.780 
Unextractable product (soot) 0.088 0.070 0.019 0.302 0.190 0.245 

Phenol 1.351 1.248 1.477 1.444 1.409 1.832 

2-Chlorophenol (2-CP) 0.036 0.041 0.035 0.060 0.042 0.070 
3-CP and 4-CP 0.095 0.054 0.108 0.136 0.156 0.185 

12- Dichlorobenzene 0.043 nda nd 0.028 0.026 0.025 
13-Dichlorobenzene nd 0.040 nd 0.038 nd 0.033 
14-Dichlorobenzene nd nd 0.053 nd 0.031 0.030 

Dibenzofurans: 
T4CDF 0.193 0.044 0.030 0.261 0.160 0.199 
T3CDF 0.029 0.016 0.035 0.046 0.028 0.042 
DCDF 0.160 0.170 0.239 0.165 0.142 0.184 
MCDF 0.021 0.021 0.018 0.021 0.015 0.024 
DF 0.054 0.069 0.140 0.044 0.024 0.022 

Dibenzo[p]dioxins: 
DCDD 0.010 0.034 0.025 0.041 0.023 0.048 

Dibenzofuranols: 
T3CDF-0I nd nd 0.077 nd 0.021 0.027 
MCDF-ol nd nd 0.023 nd 0.005 0.008 

Product ratios: 
(3-CP + 4-CP)/2-CP 2.6 1.3 3.1 2.3 3.7 2.6 
T4CDF/DCDD 19.3 1.3 1.2 6.4 7.0 4.1 
T4CDF/T3CDF-ol 0.4 7.6 7.4 

"Not detected. 

An examination of the yields of furan and dtoxin 
product homologues listed in Table 2 provides in­
formation on the relative reactivity of DCP to form 
T4CDF, DCDD, and T3CDF-0I. In all cases, 
T4CDF yields exceed DCDD yields, particularly 
from 2,3-DCP alone, where the ratio of T4CDF to 
DCDD yields is 19. DCDD yields are greatest when 
2,4-DCP is a reactant. As expected, T3CDF-0I is 
formed only when 2,5-DCP is present. From 2,5-
DCP alone, T3CDF-0I yield is greater than yields of 
T4CDF and DCDD. 

In addition to these furan and dioxin products 
from DCP combinations, large amounts of DCDF 
products and DF were found, as well as smaller 
amounts of T3CDF and MCDF products. When 2,5-
DCP was a reactant, one MCDF-ol product was ob­
served. These products can be explained by reac­
tions involving the phenol and CP products cited 
above. DCDF and DF can be formed from combi­
nations of phenol and DCP and two phenols, re­
spectively. The T3CDF and MCDF products can be 

derived from combinations of DCP and CP and phe­
nol and CP, respectively. MCDF-ol can be derived 
from phenol and 2,5-DCP. Evidence supporting 
these claims is provided by identification of product 
isomers, as well as by comparison of the temperature 
dependence of product and precursor yields. These 
results are presented next for 2,3-/2,4-DCP and 2,3-
/2,5-DCP mixture experiments. 

2,3-/2,4-DCP Mixture Results 

Reactant and product yields from slow combus­
tion of the mixture of 2,3- and 2,4-DCP in benzene, 
over the temperature range of 500 to 700 °C, are 
shown in Fig. 2. At 500 °C, virtually all of the DCP 
reactants were recovered. At 700 °C, 90% of the 
DCP had reacted. Peak T4CDF and DCDD yields 
of 0.3% and 0.04% (carbon feed basis), respectively, 
occurred between 575 and 600 °C. These yields rep­
resent 2.3% and 0.3% DCP conversion, respectively. 
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FIG. 2. Reactant and product yields from 2,3- and 2,4-
DCP in benzene. 
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FIG. 4. Reactant and product yields from 2,3- and 2,5-
DCP in benzene. 
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FIG. 3. Yields of PCDF and PCDD isomers from 2,3-
and 2,4-DCP in benzene. 

Above 625 °C, yields of DCDF, MCDF, and DF 
products became dominant. As temperature in­
creased, the PCDF distribution shifted to less-chlo­
rinated homologues. At 700 °C, yields of DF were 
greatest, followed by MCDF, DCDF, T4CDF, and 
T3CDF. 

Yields of T4CDF and DCDF isomers and DCDD 
isomer pairs are shown in Fig. 3. 3,4,6,7-T4CDF, 
which is derived from combination of two 2,3-DCP, 
is the isomer with the highest yield 2,4,6,7-T4CDF, 
fonned by combination of 2,3-DCP and 2,4-DCP, is 
produced in slightly smaller amounts. The product 
of two 2,4-DCP, 2,4,6,8-T4CDF, is formed in least 
amount. Yields of all three T4CDF isomers peak at 
575 °C. The two DCDF isomers observed are 3,4-
DCDF and 2,4-DCDF. The former is formed by 

combination of 2,3-DCP and phenol. The latter is 
formed by combination of 2,4-DCP and phenol. 
Yields of both DCDF isomers peak at 650 °C; phenol 
yields peak between 650 and 675 °C. 

Yields of DCDD isomer pairs are shown in the 
bottom panel of Fig. 3. The isomer pair with highest 
yield is 1,7-/1,8-DCDD, which results from combi­
nation of 2,3- and 2,4-DCP. 2,7- and 2,8-DCDD are 
produced in slightly smaller amounts; these result 
from combination of two 2,4-DCP. The 1,6-/1,9-
DCDD isomer pair, which results from combination 
of two 2,3-DCP, is produced in smallest yield. One 
possible explanation is that PCDD formation, unlike 
PCDF formation, involves coupling of phenoxy rad­
icals at different sites. Preferred oxygen-carbon cou­
pling may involve one phenoxy radical with a reactive 
oxygen and one with a reactive ortho carbon. 

2,3-/2,5-DCP Mixture Results 

Reactant and product yields from slow combus­
tion of the mixture of 2,3- and 2,5-DCP in benzene, 
over the temperature range of 525 to 700 °C, are 
shown in Fig. 4. These results are very similar to the 
2,3-/2,4-DCP mixture results shown in Fig. 2. 

Yields of T4CDF and DCDF isomers, DCDD iso­
mer pairs, and dibenzofuranol products are shown 
in Fig. 5. The T4CDF with the highest yield is the 
1,4,6,7 isomer, which is derived from combination 
of 2,3- and 2,5-DCP. Next is 3,4,6,7-T4CDF, formed 
by combination of two 2,3-DCP. In least abundance 
is 1,4,6,9-T4CDF, formed from two 2,5-DCP. As dis­
cussed in the following section, these results are con­
sistent with considerations of steric hindrance asso­
ciated with the carbon-carbon coupling of phenoxy 
radicals. Yields of the three T4CDF isomers peak at 
625 °C. Two DCDF isomers are observed: 1,4-
DCDF and 3,4-DCDF. The former is formed by the 
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combination of 2,5-DCP and phenol, and the latter 
is formed by combination of 2,3-DCP and phenol. 
Yields of both D C D F isomers peak at 650 °C, the 
temperature at which phenol yields peak. 

Yields of D C D D isomer pairs are shown in the 
middle panel of Fig. 5. These are the same isomer 
pairs observed in the 2,3-/2,4-DCP mixture experi­
ments, since 2,4- and 2,5-DCP result in formation 
of the same D C D D isomer pairs. The distribution 
of D C D D isomers from the 2,3-/2,5-DCP mixture 
is almost identical to the distribution from the 2,3-/ 
2,4-DCP mixture. The 1.7-/1.8-DCDD isomer pair, 

derived from combination of 2,3- and 2,5-DCP, has 
the highest yield. The 2.7-/2.8-DCDD isomer pair 
from two 2,5-DCP was produced in slightly smaller 
amounts. The 1,6-/1,9-DCDD isomer pair, which 
results from combination of two 2,3-DCP, was pro­
duced in smallest yield. 

Yields of two T3CDF-ol isomers and one MCDF-
ol are shown in the bottom panel of Fig. 5. Identi­
fication of 2,6,9-T3CDF-l-ol is based on its forma­
tion in 2,5-DCP single precursor experiments. 
2,6,7-T3CDF-l-ol can be formed by combination of 
2,3- and 2,5-DCP. Yields of both T3CDF-ol isomers 
peak at 625 °C, the same temperature at which the 
T 4 C D F and D C D D products peak. 2-MCDF-l-o l 
can be formed from combination of 2,5-DCP and 
phenol. Yields of this product peak at 650 °C, the 
same temperature at which the D C D F products 
peak. 

Carbon-Carbon Coupling of Phenoxy Radicals 

Recently, we proposed that the favored formation 
of 1,7-DCDF from 3-chlorophenol over 3,7- and 
1,9-DCDF might be due to differences in steric hin­
drance associated with sandwich-type approach ge­
ometries of 3-chlorophenoxy radicals during carbon-
carbon coupling [12]. We tested this hypothesis by 
examining geometries of 2,3-, 2,4-, and 2,5-dichloro-
phenoxy radical coupling (Fig. 6). Interactions of 
aligned chlorine and oxygen atoms are noted. The 
2,3-/2,3-DCP and 2,3-/2,4-DCP combinations each 
have one Cl-Cl interaction. The 2,3-/2,5-DCP com­
bination has one C l - 0 interaction. The 2,4-/2,4-
DCP combination has two Cl-Cl interactions and 
the 2,5-/2,5-DCP combination has two C l - 0 inter­
actions. Based on the number of interactions, com­
binations of 2,3-/2,3-DCP, 2.3-/2.4-DCP, and 2,3-/ 
2,5-DCP, which produce 3,4,6,7-, 2,4,6,7-, and 
1,4,6,7-T4CDF, respectively, should be favored over 
combinations of 2,4-/2,4-DCP and 2,5-/2,5-DCP, 
which produce 2,4,6,8- and 1,4,6,9-T4CDF, respec­
tively. The experimental results are consistent with 
these observations. 

Conclusion 

Experimental results reported here provide new 
information on effects of substitution pattern of 
dichlorophenols containing one ortho chlorine sub-
stituent on the distribution of dibenzofuran, di-
benzo-p-dioxin and dibenzofuranol products formed 
in the gas phase. The overall goal of this work is to 
develop a predictive understanding of factors con­
trolling these distributions from phenol precursors. 
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Gas-phase PCDD/F Formation from 2-, 23-, 234- and 2345- Chlorinated 
Phenols 

Duane T. Nakahata and James A. Mulholland 

Introduction 

In incinerators, polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) 
are formed from chlorinated phenols by homogeneous, gas-phase reactions at high temperatures 
in the post-combustion zone, as well as through low-temperature, heterogeneous, fly ash-
mediated pathways in particle collection devices. In spite of considerable research over the past 
25 years, a detailed understanding of the chemical mechanisms of PCDD/F formation is still 
incomplete. For example, little is known about factors that govern the distribution of PCDD/F 
congeners produced from multiple precursors. {{Although much of the laboratory research since 
the early 1980s has addressed the latter pathway [1], detailed understanding of how PCDD/F are 
formed via either pathway is still incomplete.}} Chlorinated phenols and phenol are the most 
direct PCDD/F precursors [2] and among the most abundant aromatic compounds found in 
incinerator gas emissions [3]. However, effects of the degree (number of chlorine atoms) or 
pattern of substitution of chlorinated phenol precursors on PCDD/F formation are not well 
understood. 

Chlorinated phenols and phenol readily form neutral, ambident phenoxy radicals capable 
of reacting at the oxygen site as well as at the ortho and para carbon sites [4]. PCDD can be 
formed by phenolic oxygen coupling to a chlorinated ortho carbon site of a second phenoxy 
radical to form the keto-tautomer of o-phenoxyphenol (POP) [5]. This radical-radical route is 
likely favored over a radical-molecule route due to the abundance of phenoxy radicals and the 
large energy barrier (more than 20 kcal/mol) for phenoxy radical addition to phenol [4,6]. The 
electron-withdrawing Cl-atom substituent facilitates oxygen-carbon coupling. Subsequent loss of 
Cl-atom results in the formation of a resonance-stabilized phenoxyphenoxy radical, which can 
undergo five-member ring closure similar to Smiles rearrangement [7]. Ring expansion and 
elimination of a second Cl-atom result in the formation of a pair of PCDD isomers [8]. 

PCDF formation, on the other hand, most likely occurs by carbon-carbon coupling of 
phenoxy radicals at ortho sites, which leads to the o,o -dihydroxybiphenyl (DOBP) intermediate 
[9] via its keto-tautomer. Coupling occurs at less crowded (unsubstituted) ortho carbon sites. 
Phenoxy radicals preferentially approach each other in a "sandwich-like" geometry with overlap 
of the aromatic n systems; coupling occurs at sites of highest spin density and for geometries of 
least steric hindrance [10]. Loss of H2O from DOBP yields PCDF with no loss of chlorine. The 
routes to PCDF and PCDD described above are depicted by paths (1) and (2), respectively, in 
Fig. 1 for the combination of two 2-chlorophenoxy radicals. 

FIG. 1 

In this paper, effects of the degree of chlorination of four phenols on dioxin and 
formation are discussed. A mixture of 2-chlorophenol (2-CP), 2,3-dichlorophenol (2,3-DCP), 



2,3,4-trichlorophenol (2,3,4-T3CP) and 2,3,4,5-tetrachlorophenol (2,3,4,5-T4CP) was studied 
since each contains one Cl-substituted and one unsubstituted ortho carbon site; therefore both 
PCDD and PCDF products can be formed. In addition, since each combination of the different 
reactants yields a unique product, the relative tendencies of each reactant to form PCDD/F can be 
compared. Isomer-specific products of paths (1) and (2) shown in Fig. 1 are listed in Table 1. 

TABLE 1 

Experimental 

Experiments were conducted in an electrically heated, isothermal quartz tube flow 
reactor, 40 cm in length and 1.9 cm in diameter, at temperatures ranging from 500 to 700°C in 
25°C increments. An equimolar benzene solution of all of the chlorinated phenol reactants (0.25 
mMol each per 1.0 ml benzene) was prepared. A syringe pump injected the reactant solution at a 
rate of 10 jil/min continuously into a heated (170°C) gas stream of 92% nitrogen and 8% oxygen. 
The resulting gas stream contained approximately 2.5% benzene vapor and 0.2% reactant (total) 
vapor. The flow rate of the carrier gas was controlled to provide a nominal residence time in the 
reaction zone of 10 s. Aromatic products and soot were collected using a dual ice-cooled 
dichloromethane (DCM) trap. Sample solutions were filtered (0.2-jim pore) and soot yields (the 
DCM-insoluble fraction) were determined gravimetrically. 

The filtered sample solutions were analyzed by GC/MS using a HP-5ms GC column. The 
elution order of PCDF on HP-5ms columns is known [11]. All four monochlorodibenzofurans 
(MCDF) were identified, as were unchlorinated dibenzofuran (DF), four isomers of 
dichlorodibenzofuran (DCDF), three isomers of T3CDF, and three T4CDF isomers. Small 
amounts of P5CDF (two isomers), F^CDF (two isomers), and H7CDF (one isomer) were 
detected. A trace amount of unchlorinated dibenzo-^-dioxin (DD) was detected. Identification of 
these isomers was based on the results of previous single precursor experiments, elution order 
and relative retention times. In addition, naphthalene and several of its chlorinated congeners 
were identified. Standards used to determine response factors in this study include phenol, 2-CP, 
2,3-DCP, 2,3,4-T3CP, 2,3,4,5-T4CP, DF, DD and naphthalene. Response factors of PCDF 
product isomers were assumed equal. 

Results and Discussion 

Overall Product Distribution 

Product yields from the mixture of chlorinated phenols at 500, 550, 600, 650 and 700°C 
are listed in Table 2 on a carbon feed basis. At 500°C recovery of each of the unreacted phenols 
ranged from 1.0 to 1.4% of the total carbon feed, or 50 to 70% of each reactant. The amount of 
unreacted feed decreased with increasing reactor temperature, but at each temperature the 
residual amount of 2-CP was highest. Above 500°C, the phenols decreased in abundance as the 
number of chlorine atoms increased; the yield of 2,3,4,5-T4CP was lowest. At 650°C, more than 
95% of the phenols had reacted. 

TABLE 2 
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The yield of unextractable soot was highest at 650°C (0.14% of carbon feed), as was the 
total yield of aromatic products (6.73%). For this study, aromatic products include chlorinated 
benzenes, naphthalenes, and dibenzofurans, as well as unchlorinated phenol, naphthalene and 
DF. Within these groups, the PCDFs in general, exhibited maximum yields between 550 and 
600°C. The benzenes, naphthalenes and unchlorinated dibenzofuran had maxima near 650°C. 
Above 550°C, the major aromatic product was unchlorinated phenol, which had a maximum 
yieldof5.80%at650°C. 

The large yield of phenol, as noted in previous work, is attributed to the reaction of 
oxygen with benzene (used as the solvent for the feed in these reactions), and not as a result of 
the dechlorination (by H-atom substitution) of 2-CP. However, 3-CP and 3,4-DCP, which are 
likely dechlorination products of 2,3-DCP and 2,3,4-T3CP, respectively, were observed. No 
chlorination products were observed, however. The yields of these products provide insight on 
the relative reactivity of the reactants with respect to dechlorination at the ortho position. Since 
twice as much 3-CP is produced as 3,4-DCP, 2,3-DCP seems to be more susceptible to 
dechlorination than 2,3,4-TsCP. In contrast, it appears that the reactant 2,3,4,5-T4CP does not 
favor the loss of ortho-C\, since 3,4,5-T3CP was not detected. It was also previously observed 
that the ortho site appears to be the location most favored for dechlorination of phenols, the para 
position is less favored, and the meta site is least favored. The current results support this 
hypothesis since 2,4-DCP, which would result from dechlorination of 2,3,4-TsCP at the meta 
position, was not detected. 

An examination of the yields of furan and dioxin products listed in Table 2 and shown in 
Figure 2 provides information on the relative reactivity of the phenols to form these products. 
While a variety of PCDFs and DF were formed, no PCDDs and only a small amount of DD were 
detected. T4CDF, DCDF and DF products predominate. The formation of specific furan products 
can be explained by reactions of the phenol and chlorinated phenols discussed above. For 
example, DF can be formed by a combination of two phenols, whereas DCDF can be produced 
from a DCP and a phenol, or from two CPs. T4CDF may be formed in three ways: T4CP and 
phenol, T3CP and CP, or two DCPs. Below 550°C, most of the feed was unreacted, which 
corresponds to the rather low yields of the products. As reactor temperature increases, the PCDF 
distribution shifts from higher to less chlorinated homologues. This shift may be explained by 
comparing the average concentration of chlorinated phenols in the reactor (highest at low 
temperatures), to the unchlorinated phenol concentration (peaks at high temperature, at about 
675°C). As the reactor temperature is increases, the ratio of phenol to chlorinated phenols also 
increases. Since the reactants are less chlorinated at higher reactor temperatures, the resulting 
products are therefore less chlorinated. 

Fig. 2 

The chlorinated phenols also appear to undergo H-atom substitution of the hydroxyl 
group. This would explain the formation of benzenes having chlorine atoms at adjacent sites. For 
example, while chlorobenzene (resulting from 2-CP), 1,2-dichlorobenzene (from 2,3-DCP) and 
1,2,3-trichlorobenzene (from 2,3,4-T3CP) were observed, neither 1,3- nor 1,4-dichlorobenzene 
was detected. Interestingly, 2,3,4,5-T4CP, which does not favor dechlorination, also resists loss 
of OH, since the expected product (1,2,3,4-tetrachlorobenzene) was not detected. 
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Although not the subject of this paper, the formation of naphthalene and its chlorinated 
homologues may be explained by another pathway—condensation and rearrangement of two 
cyclopentadienyl fragments produced from (chlorinated) benzene or phenol. 

PCDF Isomer Yields 

Product isomer yields from the slow combustion of the mixture of chlorinated phenols, 
over a temperature range from 500 to 700°C, are depicted in Fig. 3 (MCDF through T3CDF) and 
Fig. 4 (T4CDF through H6CDF). The yield of 4-MCDF, which is produced from 2-CP and 
phenol, is largest of the MCDFs and peaks near 600°C at 0.04% (carbon feed basis). 1- and 3-
MCDF, which are formed from 3-CP and phenol, reach a maximum yield of 0.01% (total) near 
650°C, which corresponds to the temperature at which 3-CP peaks. A small amount of 2-MCDF 
(produced from 4-CP and phenol) was detected at 600 and 650°C. 

For DCDFs, the greatest yield is obtained from 3,4-DCDF between 575 and 600°C 
(0.07%). This isomer is produced from 2,3-DCP and phenol. Next highest are 1,2- and 2,3-
DCDF, which result from 3,4-DCP and phenol, and which peak near 600°C (0.006%) and 650°C 
(0.004%), respectively. (Peak 3,4-DCP yield occurs between 600 and 625°C.) Lowest is 4,6-
DCDF, formed from two 2-CPs, which reaches maximum between 550 and 575°C (0.003%). 

The most abundant T3CDF isomer is 2,3,4-T3CDF, which is a product of 2,3,4-T3CP and 
phenol. Its maximum yield of 0.04% occurs near 575°C. Next is 3,4,6-T3CDF, which is formed 
from 2,3-DCP and 2-CP, and which peaks between 550 and 575°C (0.011%). The least abundant 
isomers are 1,2,7- and 2,3,9-TsCDF, which co-elute. These products result from 3,4-DCP and 3-
CP. Their maximum occurs near 600°C (0.003%). 

For T4CDFS, the yield of 1,2,3,4-T4CDF is the greatest at 0.08%. This isomer is formed 
from a combination of 2,3,4,5-T4CP and phenol. 3,4,6,7-T4CDF, which is a product of two 2,3-
DCPs, is much lower in abundance, with a maximum yield of only 0.006%. Lower still is 
2,3,4,6-T4CDF, which results from 2,3,4-T3CP and 2-CP: Its peak yield is 0.004%. Yields of all 
three isomers peak between 550 and 575°C. 

Two isomers of P5CDF were identified, 1,2,3,4,6- and 2,3,4,6,7-PsCDF. The former is the 
product of 2,3,4,5-T4CP and 2-CP, while the latter results from the coupling of 2,3,4-TsCP and 
2,3-DCP. Although 1,2,3,4,6-P5CDF is twice as abundant as 2,3,4,6,7-P5CDF, both products 
reach their maximum yield near 550°C (0.012% and 0.005%, respectively). 

Of the H6CDF isomers, only 1,2,3,4,6,7-H6CDF could be quantified. A product of 
2,3,4,5-T4CP and 2,3-DCP, its maximum yield was 0.015% at 550°C. Trace amounts were 
detected of 2,3,4,6,7,8-H6CDF, which is formed by the coupling of two 2,3,4-T3CPs. 

The most highly chlorinated PCDF congener detected was 1,2,3,4,6,7,8-H7CDF, which 
forms from 2,3,4,5-T4CP and 2,3,4-T3CP. Its maximum yield was 0.0015%, occurring at 550°C. 
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PCDF Formation Potential of Phenols 

Observing the yields of DF and various PCDF congeners from the slow combustion of 
the phenol mixture, it is evident that some reactant pairings form furan products more readily 
than others do. In previous studies we proposed a hypothesis that the formation of PCDF is 
affected by differences in steric hindrance associated with "sandwich-type" approach geometries 
of the phenoxy radicals during carbon-carbon coupling. Fewer interactions of aligned chlorine 
and oxygen substituents lead to greater product yield. Using 3-CP in one study and a mixture of 
DCP isomers in another, experimental results were found to be consistent with this hypothesis. 
Relative product yields in the current work will be examined for evidence consistent with this 
hypothesis. 

In the analysis of the PCDF isomer yields, above, it was noted that the most abundant 
isomer in each of the mono- through tetrachlorinated homologue groups was formed from phenol 
and a chlorinated phenol. With these pairings, only the 2,3,4,5-T4CP + phenol combination has a 
Cl-0 interaction in its approach geometry. The other combinations have no interactions between 
CI or O atoms at all. It is evident that once phenol is formed from benzene, it reacts as well as the 
chlorinated phenols that were present in the original reactant mixture. To compare the reactivity 
of all the phenols, it is useful to examine the product yields at 550 to 575°C since in this range, 
the concentration of phenol in the reactor is similar to that of the chlorinated reactants. Table 3 
lists the furan products in order of their abundance, their respective precursors and the number of 
chlorine or oxygen approach interactions. 

TABLE 3 

In general, it can be seen that the phenol pairings that result in fewest Cl-0 and Cl-Cl 
approach interactions result in the highest furan yield. However, the very low yield of 4,6-
DCDF, which results from the coupling of two 2-CPs, and which has no steric interactions, is 
anomalous. Even among the five reactant pairs involving unchlorinated phenol, there is a distinct 
difference between the yield of greater than 0.07% at 575°C (for DF, 1,2,3,4-T4CDF or 3,4-
DCDF) and the less than 0.05% yield of 2,3,4-T3CDF or 4-MCDF. It is apparent that other 
factors in addition to steric hindrance are important in furan formation from phenols. 

Examination of the yields in Table 3 for pairings of phenol + X, or for 2-CP + X (where 
X can be any of the reactants), results in an interesting observation. When X is either 2-CP or 
2,3,4-T3CP, the product yield is much lower than if X is phenol, 2,3-DCP or 2,3,4,5-T4CP. This 
pattern suggests that chlorine substitution in the meta position enhances, whereas ortho or para 
substitution reduces furan formation. 

Conclusions 
The results presented here are the first that directly compare furan formation among 

several phenol precursors that differ only in the degree of chlorination. These results show that 
several effects are important in the gas-phase formation of dibenzofuran and chlorinated 
dibenzofurans from such mixtures. First, the product yields are consistent with a reaction 
mechanism that involves orienting the reactants in a parallel, "sandwich" geometry prior to 
coupling at unsubstituted ortho carbon sites. In this geometry, fewer steric interactions of 
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substituent chlorine and oxygen atoms will result in higher product yield. Therefore coupling of 
two highly chlorinated (>2 CI) precursors is much less favored than if one or both reactants is 
less chlorinated (<2 CI). 

Second, the location of the chlorine substituent produces a noticeable effect on the 
product yield when other factor are about equal. Chlorine in the meta position favors furan 
formation, whereas ortho and para substitution reduces it. This effect, for the present, is a 
qualitative one. 

Since real mixtures are much more complex, a quantitative understanding of the factors 
that affect PCDD/F formation is necessary to be able to develop a predictive model. Continued 
study of the reactivity of the precursors and of the details of the reaction mechanisms are 
therefore needed. 
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TABLE 1. 
Expected dioxin and furan products from combinations of chlorinated phenols. 

Dioxins 2-CP 2,3-DCP 2,3,4-T3CP 2,3,4,5-T4CP 

2-CP dibenzodioxin 1-MCDD 1,2-DCDD 1,2,3-T3CDD 

2,3-DCP 1,6-/1,9-DCDD 1,2,6-/1,2,9-
T3CDD 

1,2,3,6-/1,2,3,9-
T4CDD 

2,3,4-T3CP 1,2,6,7-/1,2,8,9-
T4CDD 

1,2,3,6,7-/1,2,3,8,9-
P5CDD 

2,3,4,5-T4CP 1,2,3,6,7,8-/ 
1,2,3,7,8,9-H6CDD 

Furans phenol 2-CP 2,3-DCP 2,3,4-T3CP 2,3,4,5-T4CP 

phenol dibenzofuran 4-MCDF 3,4-DCDF 2,3,4-T3CDF 1,2,3,4-
T4CDF 

2-CP 4,6-DCDF 3,4,6-T3CDF 
2,3,4,6-
T4CDF 

1,2,3,4,6-
P5CDF 

2,3-DCP 
3,4,6,7-
T4CDF 

2,3,4,6,7-
P5CDF 

1,2,3,4,6,7-
H6CDF 

2,3,4-T3CP 
2,3,4,6,7,8-

H6CDF 
1,2,3,4,6,7,8-

H7CDF 

2,3,4,5-T4CP OCDF 
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TABLE 2. 
Product yields (percent carbon feed basis) from a mixture of chlorinated phenols in benzene. 

Temperature (°C) 500 550 600 650 700 

unreacted phenols: 
2-CP 1.392 1.214 0.776 0.266 0.011 
2,3-DCP 1.036 0.832 0.509 0.092 nda 

2,3,4-T3CP 1.011 0.660 0.257 0.013 nd 
2,3,4,5-T4CP 1.044 0.500 0.089 nd nd 

Total unreacted phenols 4.483 3.206 1.631 0.371 0.011 

unextractable product (soot) 0.000 0.270 0.082 0.144 0.000 
Total aromatic products 0.230 1.400 3.769 6.730 0.772 

phenol 0.190 1.126 3.203 5.800 0.503 

3-CP nd nd 0.015 0.019 nd 
3,4-DCP nd 0.003 0.008 0.007 nd 

chlorobenzene nd nd 0.015 0.063 0.051 
1,2-dichlorobenzene nd nd 0.016 0.044 0.016 
1,2,3-trichlorobenzene nd nd 0.014 0.024 0.004 
Total chlorinated benzenes nd nd 0.045 0.131 0.071 

naphthalene nd nd 0.024 0.212 0.117 
chloronaphthalenes nd nd 0.006 0.012 nd 
dichloronaphthalenes nd nd 0.005 0.008 nd 
trichloronaphthalenes nd 0.001 0.008 0.017 nd 
Total naphthalenes nd 0.001 0.043 0.248 0.117 

dibenzofurans: 
DF nd 0.026 0.159 0.314 0.069 
MCDFs 0.002 0.024 0.047 0.033 nd 
DCDFs 0.003 0.051 0.079 0.045 nd 
T3CDFs 0.006 0.041 0.052 0.032 nd 
T4CDFs 0.015 0.095 0.072 0.030 nd 
P5CDFs 0.007 0.017 0.009 0.006 nd 
HfiCDFs 0.006 0.014 0.006 0.003 nd 
H7CDFs nd 0.001 0.001 nd nd 
OCDF nd nd nd nd nd 

Total PCDFs 0.040 0.244 0.265 0.148 nd 
Total DF + PCDFs 0.040 0.270 0.424 0.462 0.069 

dibenzodioxin nd trace trace nd nd 
PCDDs nd nd nd nd nd 

Product ratios: 
Phenol / DF - 43.3 20.1 18.5 7.3 
Chlorinated phenols / PCDFs 112.1 13.2 6.2 2.7 -
Phenol / chorinated phenols 0.04 0.35 1.9 14.6 45.7 
DF / PCDFs 0.0 0.11 0.60 2.1 -

not detected 
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TABLE 3. 
Characteristics of DF/PCDF products from a mixture of chlorinated phenols in benzene. 

(listed in order of yield at 575°C) 

Product Reactants Yield (% carbon feed) Approach 
Interactions* Product Reactants 

550°C 575°C 
Approach 

Interactions* 
DF Phenol+phenol 0.026 0.077 None 

1,2,3,4-T4CDF Phenol+2,3,4,5-T4CP 0.085 0.074 1C1-0 

3,4-DCDF Phenol+2,3-DCP 0.047 0.070 None 

2,3,4-T3CDF Phenol+2,3,4-T3CP 0.030 0.041 None 

4-MCDF Phenol+2-CP 0.024 0.038 None 

3,4,6-T3CDF 2-CP+2,3-DCP 0.011 0.011 None 

1,2,3,4,6,7-H6CDF 2,3-DCP+2,3,4,5-T4CP 0.014 0.009 1 Cl-O, 2 Cl-Cl 

1,2,3,4,6-PsCDF 2-CP+2,3,4,5-T4CP 0.012 0.008 1 Cl-O, 1 Cl-Cl 

3,4,6,7-T4CDF 2,3-DCP+2,3-DCP 0.006 0.005 1 Cl-Cl 

2,3,4,6,7-P5CDF 2,3-DCP+2,3,4-T3CP 0.005 0.005 2 Cl-Cl 

2,3,4,6-T4CDF 2-CP+2,3,4-T3CP 0.004 0.003 1 Cl-Cl 

4,6-DCDF 2-CP+2-CP 0.003 0.003 None 

1,2,3,4,6,7,8-H7CDF 2,3,4-T3CP+2,3,4,5-T4CP 0.001 0.001 1 Cl-O, 3 Cl-Cl 

2,3,4,6,7,8-H6CDF 2,3,4-T3CP+2,3,4-T3CP trace trace 3 Cl-Cl 

*For the geomel :ry resulting in the least num ber of interact ions. 
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Captions 

TABLE 1. Expected dioxin and furan products from combinations of chlorinated phenols. 

TABLE 2. Product yields (percent carbon feed basis) from a mixture of chlorinated phenols in 

benzene. 

TABLE 3. Characteristics of DF/PCDF products from a mixture of chlorinated phenols in 

benzene. 

FIG. 1. Reaction pathways for conversion of 2-CP to 4,6-DCDF (1) and DD (2) 

FIG. 2. Reactant and product yields from a mixture of chlorinated phenols in benzene. 

FIG. 3. MCDF, DCDF and T3CDF yields from a mixture of chlorinated phenols in benzene. 

FIG. 4. T4CDF, P5CDF and H^CDF yields from a mixture of chlorinated phenols in benzene. 

15 



e-<9o- trx/ 
6%6 

Abstract for poster presentation at The Seventh Congress on Toxic Combustion By­
products 

Ab Initio Modeling of Dibenzofuran Formation from Phenol Condensation 

D.T. Nakahata and J.A. Mulholland 
Georgia Institute of Technology, School of Civil and Environmental Engineering 

The gas-phase formation of dibenzofuran (DF) and chlorinated dibenzofurans (CDFs) from 
phenol and chlorinated phenol precursors has been observed in the exhaust stream of combustion 
processes and has been studied in the laboratory. Experimental results indicate that DF and CDF 
formation occurs via carbon-carbon coupling of phenoxy radicals at unsubstituted ortho sites; 
hence only those precursors with at least one unchlorinated ortho site will form DF/CDF. Each 
unique DF/CDF congener originates from a specific pair of phenolic precursors. Experiments 
also show that the number and pattern of additional chlorine substituents affect the yield of 
DF/CDF significantly, but in a complex manner. One proposed formation mechanism suggests 
that both electronic and steric effects due to chlorine substitution are important in the formation 
of the reacting phenoxy radicals and in development of the transition state and first intermediate 
product in the reaction pathway. However these effects cannot easily be measured nor predicted. 

The current study analyzes the steric and electronic effects of DF/CDF formation from phenolic 
precursors by using computational chemistry to model the species in the proposed formation 
mechanism. Ab initio quantum mechanical methods are employed to determine the optimized 
structures and to calculate the energies of the reactants, products, intermediates and transition 
states formed in the reaction pathway. The B3LYP hybrid density functional method and the 6-
31G* polarized valence double-zeta basis set are used in this analysis. Transition state theory is 
used to compare the computational results with the experimental data. The overall goal of this 
work is to develop a predictive understanding of factors controlling the relative rates of 
formation of DF/CDF congeners from chlorinated phenols. The results will lead to a predictive 
model of CDF isomer patterns that provide a fingerprint of the gas-phase phenol condensation 
mechanism. 
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Ab Initio Modeling of Dibenzofuran Formation 
from Phenol Condensation 

Duane T. Nakahata and James A. Mulholland 

Introduction 

In incinerators, dibenzofuran (DF) and chlorinated dibenzofurans (CDF) are formed 

from phenol and chlorinated phenols by homogeneous, gas-phase reactions at high 

temperatures in the post-combustion zone. In spite of considerable research over the past 25 

years, a detailed understanding of the chemical mechanisms of DF/CDF formation is still 

incomplete. For example, little is known about factors that govern the distribution of DF/CDF 

congeners produced from a mixture of precursors. 

Chlorinated phenols and phenol are the most direct DF/CDF precursors [1] and among 

the most abundant aromatic compounds found in incinerator gas emissions [2]. However, 

effects of the degree (number of chlorine atoms) or pattern of substitution of chlorinated 

phenol precursors on DF/CDF formation are not well understood. 

This project investigates in detail the first step in the reaction pathway of DF 

formation (from phenoxy radical) using computational chemistry. (The DF formation 

mechanism is summarized below.) Current ab initio computational methods allow calculation 

of many properties of the species of interest. Such calculations can provide information on the 

most stable geometry of the molecule (or radical) as well as parameters such as energy and 

vibrational frequencies. 

Background 

Chlorinated phenols and phenol readily form neutral, ambident phenoxy radicals 

capable of reacting at the oxygen site as well as at the ortho and para carbon sites [3]. 

DF/CDF formation most likely occurs by carbon-carbon coupling of phenoxy radicals at 

ortho sites, which leads to the o,o -dihydroxybiphenyl (DOHB) intermediate [4] via its keto-

tautomer. Coupling occurs at less crowded (unsubstituted) ortho carbon sites. Phenoxy 

radicals preferentially approach each other in a "sandwich-like" geometry with overlap of the 

aromatic n systems; coupling occurs at sites of highest spin density and for geometries of least 

steric hindrance [5]. Enolization of the keto-tautomer and loss of H2O from DOHB yields 



DF/CDF. The route to dichlorodibenzofuran (DCDF) described above is depicted by path (1) 

in Figure 1 for the combination of two 2-chlorophenoxy radicals. 

In laboratory experiments mixtures of phenol (?) and three chlorophenol (CP) isomers 

and mixtures of three dichlorophenol (DCP) isomers were studied to assess the effects of the 

chlorination pattern on CDF formation. Although some patterns emerged—chlorine in the 

meta position enhances CDF formation—without other tools it is still not possible to 

quantitatively predict the yield of a unique CDF product from its reactants. 

QHO) j * ( Q U O 
- H 2 0 

4,6-dichlorodibenzofiiran 

oJ^LQUQ 
dibenzo[/?]dioxin 

FIG. 1. Reaction pathways for conversion of 2-CP to 4,6-DCDF (1) and DD (2) 

Computational Methodology 

The following species were analyzed using the Gaussian 98 program [6]: phenoxy 

radical (C6H5O) as well as the product of the first reaction step, the keto-tautomer of DOHB. 

In addition, the transition state between the reactants and product was investigated. The 

geometry of each species was optimized using the 6-3 IG* polarized valence double-zeta basis 

set and the B3LYP hybrid density functional method, which couples the three-parameter 

Becke exchange functional with the correlation functional of Lee, Yang and Parr. 

For each species, the input (guess) geometry was specified in z-matrix form, using 

nominal bond lengths and angles, and was converted by the program into redundant internal 

coordinates. For an optimization to a minimum, the Hessian matrix was estimated on the first 

step and subsequently updated. In all cases the Berny optimization method was used. The 

optimization was converged when criteria for the maximum force component, the root-mean-

square force, the maximum step component and the root-mean-square step were satisfied [7]. 

Following geometry optimization, the nature of each stationary point was verified to be a 
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minimum using a frequency calculation with the same method and basis set. The DOHB 

(keto-tautomer) product is shown in Figure 2. 

FIG. 2. The product of the coupling of two phenoxy radicals: keto-tautomer of 
dihydroxybiphenyl. 

Locating the Transition State 

It was unclear if a transition state (TS) existed between the reactants and product. 

Since the shape of the potential energy surface (PES) was unknown, a scan of the PES along 

the reaction coordinate was required. The likely reaction coordinate was the ortho-ortho 

carbon bond distance, since it is the only bond being formed in the reaction step, while other 

bonds are maintained between reactants and product. 

Several partial optimizations were performed, in which the ortho C-C bond distance 

was fixed but all other parameters were variables. Since the calculated C-C bond distance in 

the product is 1.546 A, fixed distances of 1.65, 1.75, 2.00, 2.25 and 2.50 A were chosen for 

these optimizations. The calculated energies were compared to those of the reactants and 

product. (These data are provided in Computational Results, below.) Along this coordinate, 

all the energy values were between reactants and product. However, the energy at 2.25 A 

appeared to be near a local maximum; the geometry at this C-C distance was selected as the 

guess in the search for the TS. 

In the TS optimization, the Gaussian program was directed to calculate the Hessian 

matrix analytically to determine the local curvature of the PES. This enabled the search for 

the first-order saddle point to proceed in the correct direction. In the optimized TS geometry, 

3 


