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ABSTRACT 

A method for estimating the gas phase heats of formation of some aromatic organic compounds is 

applied. A critical comparison of the gas phase heats of formation predicted by this method with the gas 
phase heats of formation reported experimentally for several aromatic organic compounds is prcscntcd. 

Practical applications of this method are illustrated for chlorinated dioxins. chlorinated phenols and 

chlorinated or fluorinated benzene molecules. The limitations and practical cxtcnsions of the method arc 
discussed. The method is shown to be simple and of practical usefulness. particularly when rcquircd 

experimental data are unavailable. 

INTRODUCTION 

The availability of thermodynamic data is of fundamental importance, for exam- 
ple, as a tool for investigating and understanding many problems of considerable 
importance associated with practical combustion (e.g., propellant behavior in various 
propulsion devices, destruction of waste materials in incinerators, uniform pricing 
standards for various fuels, etc.). There are, at the present time, a number of very 
useful thermodynamic data compilations available for this purpose [l-4]. Often, 
however, information is required about compounds for which no experimental data 
have yet been generated. When such is the case, in lieu of performing experiments, it 
is then necessary to generate the data via some appropriate and preferably simple 
theoretical estimation scheme. Methodolo,y for this purpose is available for applica- 
tion to many classes of chemical compounds [5-171. The extent to which these 
methods are useful has been critically reviewed in the literature [3,1 S]: and the reader 
is referred to the afore-mentioned excellent references. To a considerable extent, 
Benson’s group method [ 181 has been very useful for estimating heats of formation 
of aromatic compounds, including some tabular information for making corrections 
for substituent neighbor interaction effects. The intent of this paper is to provide an 
additiona estimation scheme methodology which wiII make possible the generation 
of theoretical themlodynamic data for the heats of formation of many more 
aromatic organic compounds. 

OO40-603 1/82/OOCKL0000/$02.75 ia 1982 Elsevier Scientific publishing Company 
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A comparison of thermodynamic data developed by this method to data reported 
in the literature will be presented to illustrate somewhat the extent to which it should 
be possible to make reasonably reliable estimates. Several examples will be presented 
for the calculation of heats of formation of chlorinated benzenes, chlorinated 
phenols and chlorinated dibenzo-p-dioxins (dioxins). Note, all heats of formation 
reported here are for the gas phase at 298 K. (In this paper “heat of formation” is 
equivalent to “enthalpy of formation”.) These are compounds which are known to 
be either precursors which can lead, under appropriate conditions, to the formation 
of toxic substances, or which are themselves (dioxins) extremely toxic substances 
[ 191. There has in fact been considerable public attention and concern as to the 
efficiency of destruction of these materials under practical incineration conditions. 
For example, 2,3,7,8-tetrachlorodibenzo-p-dioxin, the most toxic of the dioxins, has 
been reported to have been found at parts-per-trillion level in fly ash effluents from 
municipal incinerators [ 191. In this respect, it is clear that a kinetic and thermody- 
namic data base would be extremely useful. The work presented here is in response 
to a congressional mandate, and as directed under Section 5002 of the Resource 
Conservation Recovery Act of 1976 
Office of Recycled Materials, and the 

[RCRA], and through 
DOE Office of Energy 

support of the NBS 
for Municipal Waste. 

hlETHODOLOG\ 

The gas phase heats of formation for a number of organic compounds have been 
reported in the literature [l-4], and data for several specific compounds are 
presented in Table 1. Notably absent are data for tri-, tetra- and pentachlorinated 
benzenes, as well as a number of multichlorinated phenols. There are no data for 
dioxins. 

A sensible approach towards estimation of the gas phase heats of formation for 
the above absent compounds is to start with a model molecule having a well-known 
gas phase heat of formation. In the case of aromatics, benzene is an obvious choice. 
What is then required is a procedure for determining the variation of the value of the 
gas phase heat of formation as heavier substituent (x) groups (e.g., chlorine in 
chlorobenzene) replace the hydrogen atoms attached to the benzene ring. Two major 
effects can be visualized: (a) the primary effect of replacing a hydrogen atom with x, 
and (b) the secondary effect of or&o-, mera- and para-x group interactions as in 
ortho-, meta- and para-dichlorobenzene, for example. 

Fig. I. (a) Two substituents. (b) Positional labeling. 
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TABLE 1 

Thermodynamics data for some organic compounds 

Compound AUP (2% 91 
(kcal mole - ’ ) 

Ref. 

Benzene 19.81 -co.13 

Toluene 11.99=0.10 

o-Xylene 4.5620.26 
nt-Xylene 4.14-0.18 

p-Xylene 4.3 1=0.24 
1,2.3-Trimethyl benzene - 2.26 = 0.29 
1.2.4-Trimethyl benzene - 3.3120.26 

1.3,5-T&ethyl benzene -3.81-0.33 
I ,2.3,4-Tetramethyl benzene - 10.02 
I .2.3.5-Tetramethyl benzene - 10.71 

I ,2.4,5-Tetramethyl benzene - 10.82 

Pentamethyl benzene - 17.80 

Hexamethyl benzene - 20.75 -c 0.62 
Chlorobenzene 12.21 “0.16 

o-Dichlorobcnzene 7.1 20.4 
nt-Dichlorobcnzenc 6.1 -CO.5 
p-Dichlorobenzene 5.3 --co.3 
Hexachlorobenzenc -8.6 =2.3 

Fluorobenzene - 27.76 =0.29 
o-Difluorobenzene - 70.26 c 0. I3 

wDifluorobenzene -73.96-‘0.17 
p-Difluorobenzene -773.33*0.17 

Pentafluorobenzcne - 193.59*0.35 

Hexafluorobenzene -22X.49 kO.29 

Phenol -23.04-cO.21 
Hydroquinone -63.38*0.50 

Resorcinol -65.7 “-0.50 

wChlorophenol -36.7 ~2.1 

p-Chlorophenol -34.9 =2.1 

Pentachlorophenol -53.9 kO.9 
1,4-Dihydroxy-2-chlorobenzene -75.0 22.8 
1 .Cdihydroxy-2.6-dichlorobcnzene -79.3 22.8 
1 +Dihydroxytetrachlorobenzene * -81.2 22.8 

Biphenyl 43.53 -c 0.6 

Biphenylene 115.2 -c 1.5 
9,10-Dihydroanthracene 38.2 =l.l 

Diphenyimethane 36.8 -CO.5 
Diphenyleiher 11.94*0.67 

Dibenzopyran 11.6 ‘1.2 

Dibenzofuran 19.9 k-1.2 

3 
3 

3 
3 

3 
3 
3 

3 
2 
2 
2 
2 
3 
3 

3 
3 
3 
3 

3 
3 
3 
3 

3 
3 
3 
3 

4 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

J See note added in proof, p. 72. 
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By way of illustration of how a knowledge of these primary and secondary effects 
may be used to determine the gas phase heat of formation of an as yet unchar- 
acterized compound, consider the hypothetical molecule shown in Fig. I(a), in which 
two different substituents (1. 2) have totally replaced the hydrogen atoms on a 
benzene ring. We ian denote the primary effect upon the gas .phase heat of 
formation of benzene, due to replacement of a hydrogen atom with substituent 1, by 
the q~mbol. x, and similarly the primary effect associated with substituent 2 by the 
symbol. p. The secondary orrho, mera and para effects can be respectively denoted 

by the symbols. o, nr and p. These can be further doubly subscripted to indicate 
which substituents are interacting. For example, oiz denotes the ortho interaction of 
substituent 1 with substituent 2. With this formalism. the gas phase heat of forma- 
tion of the uncharacterized compound, AHF(?j, can be derived from a knowledge of 
the gas phase heat of formation of benzene, AiY,O(C,H,). as follows 

AH;(?) =AH;(C,H,) - [4x-I-2/3] +40,, +4q, +pzz +2(0,, t-m,, +p,,) 

Above. the primary substituent effect correction is fairly obvious. To see how the 
secondary effects have been determined, it is necessary to observe the positional 
labeling shown for the hypothetical molecule. as in Fig. l(b). The possible positional 
interactions are determined (clockwise examination) to be 

(12. 13. 14. 1.5. 16). (23.24.25. 26), (34, 35. 36). (45.46) 56 

if we retain the positional interaction indices as superscripts and identify each 
interaction as orrho, meta or paru. then the interactions can be written as 

0 '2.~i'3.p'J.rzt'5.o'6.o"3,m'~,p'5,m"6.~34,~n35.p36,~~5,m~,o~b 

We can now, via subscripts. label the interactions according to the nature of the 
substituent. drop the superscripts and group the common interactions. These opera- 
tions result in a final assignment of the secondary effects 

40,, f4n,, +pz2 +2(0,, fp,, -Cm,,) 

What remains to be determined is how to calculate numeridal values of the 
primary and secondary interaction effects. This is done as follows. The primary 
effect correction for substituent 1 on benzene is defined schematically as 

1 

X = - dH;( 0 0 1 - AH: ( 0 0 1 

Second order corrections are then defined schematically as: 
1 

1 
0, G dH; ( 0 1 -dH:( .o ) + 2x 

1 

- 
a2 = AH;( 0'1 - 0 AH;(o) +(x+/?) 0 
n-t,, E dH; ( 1’ - dH; ( 1 + 2x 
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92 ‘E dH; ( 2’ - dH; ( 1 + (x+P) 

1 

pll = AH; ( Q 0 1 - dH; ( 0 0 1 + 2x 

1 

h2 s dH; ( 1 - dH; ( ) + (x+B) 

2 

The positional interactions for di-, tri-, tetra-, penta- and hexa-substituted bentenes 
are presented in Table2 as are the resulting secondary effects obtained for a 
common substituent in all substituted positions. 

As a test of the applicability of this method for estimating heats of formation, the 
primary and secondary effects have been calculated, as defined above, for methyl 

TABLE 2 

Positional interactions: common substituents on benzene ring 

Substitucnts Interactions Net sccondory cffcct 

ortho- 
ttlem- 

puru- 
1.2.3-Tri- 

1.2.4-Tri- 
1.3.5-Tri 
I ,2.3,4-Tctra- 

I .2.3,5-Tetra- 

1.2,4.5-Tetra- 
Penla- 

HCKI 

12 

13 

14 

12. 13. 23 

12. 14, 24 

13. 15. 35 

12, 13, 14, 23, 24, 34 

It. 13. 15, 23. 25. 35 

12. 14. IS. 24. 25. 45 

12, 13. 14. 15. 23. 24, 25, 34. 35. 45 

12. 13. 14. 15. 16. 23. 24. 25. 26. 34. 35. 36. 45. 46. 56 

TABLE 3 

Calculated and literature values for heats of formation of substituted benzenes (kcal mole-‘) 

Substi- 

tution 

-CH, 

Calcd. Lit. 

-Cl 

Calcd. Lit. 

-F 

C&d. Lit. 

I .2.3- -2.73 -2.26=0.29 2.18 - I II.39 

I ,3,4- -3.15 - 3.3 1*0.2/; 0.48 - 114.46 

1.3.5- - 3.14 -3.81 kd.33 - 0.02 - 118.79 

I .2,3.4- - 10.22 - IO.02 - 1.95 - 150.52 

I .2,3,5- - 10.64 - 10.71 -3.05 - 154.22 

1.2.4.5- - 10.47 - 10.82 -3.65 - 153.59 

Penta- - 17.72 - 17.80 - 5.09 - 188.28 - 193.59=0.35 

Hexa- - 24.53 - 20.75 * 0.62 -6.14 -8.6r2.3 - 220.97 - 228.49 20.29 
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substituted benzene compounds, for which (Table 1) experimental data have been 
reported in the literature. Primary and secondary effect corrections have been used, 
according to the methodology described above. to estimate the gas phase heats of 
formation of the tri-, tetra-, penta- and hexa-methyl substituted benzenes. The 
comparison between the estimated gas phase heats of formation and those values 
reported in the literature is seen to be quite reasonable, as is shown in Table 3. . 

APPLICATIONS 

Subsriruted benzene conlpounds-common substituents 

There is enough thermodynamic data for gas phase heats of formation so that it is 
possible to estimate the values of the tri-. tetra-. penta- and hexa-substituted methyl-. 
chloro- and fluorobenzenes. Values for the gas phase heats of formation of hydro- 

quinone [3] and resorcinol [4] have been reported in the literature. However. a value 
for the gas phase heat of formation of pyrocatechol is not presently available. Thus. 
in the case of OH substituted benzene compounds, only a value for the gas phase 
heat of formation of phloroglucinol (1.3.5substituted) can be estimated. Possible 
estimations for alkyI substituted benzene molecules. where the alkyl substituents are 
other than methyl, can be determined by reference to existing thermodynamics data 
bases [l-4]. The reader is referred to Table 3 for a summary of estimated gas phase 
heats of formation of chloro-. fluoro- and hydroxy-substituted benzene compounds. 
Lower experimental limit values for the heats of formation of the dichlorobenzenes 
have been used in calculating secondary effects. This choice permits reasonable 
agreement with the reported experimental value for hexachlorobenzene and results 
in the expected decreasing trend in the heats of formation with increasing chlorina- 
tion. Note that, as data are or become available for mono- and d&substituted 
naphtlaalene and anthracene, analogous methodology may be used to estimate 
multiple substituent effects in these compounds. Alternatively, the substituent effects 
associated with benzene may, as an approximation. be used for multiple ring 
compounds. 

Chlorinated phenols 

It is seen from examination of Table 1 that thermodynamic data are available for 
the gas phase heats of formation of a few chlorinated phenols. As reported in a 
recent EPA document [ 191, there are several chlorinated phenols which are known to 
be precursors to the formation of chlorinated dioxins. Therefore it is useful, where 
thermodynamic data are not presently available, to estimate gas phase heats of 
formation for the purpose of making, in the future, estimates of the relative 
equilibrium thermal stability of these compounds when other requisite thermody- 
namic data (heat capacity and entropy) become available. The gas phase heats of 
formation for phenol and benzene, as reported in Table 1, may be used to determine 
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the primary substituent effect when an OH group replaces a hydrogen atom in a 
benzene ring. The second order mixed chloro-/hydroxy-substituent effects for the 
p ,z, p2z and m,z interactions may be respectively determined from p-chlorophenol, 
hydroquinone and m-chlorophenol. There are three model compounds reported in 
Table 1 which may be used to determine the o,~ effect for the case where the OH 
group is simultaneously orrho to two chlorine substituents. These compounds are 
penta-chlorophenol, 1,4-dihydroxy-2,&chlorobenzene and 1,4-dihydroxytetrachloro- 
benzene. For the case where the OH group is ortho only to one chlorine substituent, 
the model compound for determination of the or2 effect is 1,4-dihydroxy-2- 
chlorobenzene. This distinction is made to differentiate between the former case, 
where the competitive effect of two orrho-chlorine substituents is likely to raise the 
gas phase heat of formation of the molecule, and the latter case where, in the 
absence of a competitive effect, hydrogen bonding between the hydrogen atom of 
the OH group and the adjacent chlorine atom on the benzene ring is likely to lower 
the estimated gas phase heat of formation of the molecule. Since there are three 
possible model compounds for the former case, I have chosen an average of the three 
computed values for the o,z effect. The o, m, and p effects for common and mixed 
substituents are summarized in Table 4. Table 5 summarizes the estimated gas phase 
heats of formation for a number of chlorinated phenols which are regarded to be 
dioxin precursors [ 191. 

As regards the data presented in Tables3 and 4, it is instructive to make the 
following observations. The heats of formation which are presented in Table 3 are 
based upon calculations which consider primary substituent and secondary (ortho, 
nzefa and pm-a) interaction effects. These calculated values are seen to agree with 
those reported in the literature on the average to within less than a kcal except for 

the totally substituted species. Numerical values attributable to primary substituent 

TABLE 4 = 

Summary of (x. o. nz. p) efftitr (kcz’ mole-‘) 

.- 
Effect -CH, -Cl 

(1) 

-F -OH 

(2) 

X 
0 
m 

P 

o,,(I) 
o,,(W 
ml2 
PI2 

7.52 

0.39 

- 0.03 
0.14 

7.6 47.57 42.85 
2.09 5.07 
0.99 1.37 0.19 
0.39 2.00 2.51 

-0.47 (OH adjacent to one Cl atom) 
\ 5.96 (OH symmetrically surrounded by Cl) 

- 6.06 

-4.26 

a See note added in proof. p. 72. 

All interaction effects except the 0,~(1) effect have been determined from benzene as a reference 

compound; In this paper, the o,,(I) effect was determined from hydroquinone as a reference compound. 
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TABLE 5 J 

Calculated heats of formation for some chlorinated phenols 

C&wlation A HP(298. ,e) 
(kcal mole-‘) 

2.4.STrichlorophenol 
orfho_Chlorophenol 

3.4-Dichlorophenol 
Chlorohydroquinone 
2.3-Dichlorophrnol 

2.4-Dichlorophenoi 

2.5-Dichlorophenol 
2.6-Dichlorophenol 

B-3,~-p+o,~(I)-Lp,2i.~?l,~+o,,i~~~,,~~,, -53.16 
B-_~-P+o,~(ll -31.11 
B--3x-~Pn,,,+p,~+o,, - 46.47 
B -x-Zp f o,,(l)+ ml2 -+ pz2 - 77.5 1 
B-2~-~I’~,2(I)C’~Y,Zi0,, -42.68 
B-2 X-P t o,,(l)+ p,z -i m,, -41.95 
B -2x -j3 + o,z(s)i w,z +- p,, - 44.23 
B -2,y -p +zO,,(lI)+ )?I,, - 25.33 

B g ANF(benzene): .y Gprimay effect (Cl): fi rprimary effect (OH): subscript 1 denotes Cl: subscript 2 
denotes OH. 

” See note added in proof, p. 72. 

and secondary interaction effects have been determined from a consideration of a 
somewhat limited set of model compounds. Prosen et al. [20] have, in the past. 
developed an estimation scheme for alkyl substituted benzenes in which primary 
substituent and second order effects have been determined from a more extensive set 

of compounds as a data base. The reported primary and secondary substituent 
effects corrections they determined differ from those reported here in Table4. The 
reader is cautioned to exercise care in interpreting these differences. Aside from 
algebraic sign variations attributable to the slightly dissimilar character of the 
equation formalisms used in computing the heats of formation, Prosen has used a 
value for the phenyl group which differs from that reported in the literature [3]. This 
is a consequence of the least squares method of fitting that was used. Thus, the 
method reported here and the derived substituent effects are used as exact correc- 

tions to the molecule benzene, while in the case of Prosen’s method the substituent 
correction effects are convoluted into coefficients used in a least squares equation 
not explicitly related to benzene in particular. In general, one should not interchange 
the use of substituent effects corrections reported here and in Prosen’s paper 
between the two equations of the former and later methods for computing gas phase 
heats of formation. As regards Prosen‘s method, the primary advantage to be 
expected derives from reference to a more extensive set of compounds. The choice of 
a more extensive set as a basis for computing substituent effects was not made here, 
as I am primarily concerned with chloro-substituted aromatics. for which more 
extensive compound data is simply not available at the present time. Thus the limits 
of the basis set are dictated by the chioro-compound heat of formation literature. 
Therefore the choice of data for computing methyl substituent effects has corre- 
spondingly been limited to permit the reader by direct analogy to understand the 
typical error limits to be expected for estimated gas phase heats of formation of 
chloro-compounds via use of this more limited data base. 
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More recently, Good [21] has reported a weighted least squares method, also 
referenced to a more extensive data base of alkyd substituted aromatic compounds 
than has been used in this report. The same precautionary statements regarding 
direct comparison of parameters as per Prosen’s work discussed above apply here 
also. The primary advantage of Good’s method is attributable to reference to a more 
extensive data base of compounds. The standard deviation in the comparison of gas 
phase heats of combustion between experiment and Good’s method determined for 
methyl substituted benzenes through tetra-substitution is 0.117 kcal mole-‘. The 
standard deviation for gas phase heats of formation for the same compounds. in 
comparing literature reports with the re.sults from the method I outlined here, is 
0.195 kcal mole-‘. 

It should be noted that Good concluded that within the construct of his method, 
as applied to methyl substitution, there are no (statistically admissible) ot*cllo- or 
para-substituent effects, but that there is a “buttress” (1. 2. 3) effect. Again. 
interchange of parameters between equations is inadvisable. For example, the 
method I use here requires an exact fit of the gas phase heat of formation to all alkyl 
substituted benzene compounds up through di-substitution. In this case, the “but- 
tress” (1, 2, 3) effect is determined for methyl groups to be 0.47 -C 0.29 kcal mole - ’ 

compared to Good’s reported value of 0.9961 d 0.0608 kcal mole -I. As I mentioned 
previously, gas phase heats of formation data for chloro-substituted aromatics is 
very limited. Thus Good’s method was not used at the present time. I have for the 
same reason, not been able to compute a “buttress*’ (l? 2, 3) effect for chlorine 
substitution via the method I have outlined. 

Benson’s method provides some data for mono- and orrlzo-substitution by both 
chloro and methyl substituents. Agreement between his parameters and those 
reported here are consistently within considerably less than a value of 1 kcal mole-‘. 
Differences may be attributabIe to use of exact values for the gas phase heats of 
formation of compounds, as referenced in this report. Benson’s method was not used 
here, as only an ortho effect for chlorine substitution has been reported by him. 

In summary, there are other methods available which, as they are referenced to 
more extensive sets of compounds, are more desirable to apply. However, in the case 
of chlorine substitution, adequate data are not available at the present time to permit 
appiication of these methods. For those persons wishing to use the gas phase heats 
of formation I report here towards development of thermodynamic functions for 
equilibrium modeling as applied to the practical combustion probIemS alluded to at 
the beginning of this paper, the uncertainty in the values reported here is not serious. 
This is because in practical high temperature combustion, the primary driving force 
in the destruction of large carbon based organic molecules is primarily controlled by 
the stoichiometric coefficient associated with carbon dioxide formation. 

Estimation of the gas phase heat of formation of dibenzo-p-dioxin 

The gas phase standard heats of formation of 9,10-dihydroanthracene [Fig. 2(a)] 
and dibenzopyran [Fig. 2(b)] are reported in Table 1. I will assume that the effect of 
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replacing a -CH,- group in 9,lOdihydroanthracene with an -0- group, as in 
dibenzopyran, is given by the difference, D, in the gas phase heats of formation of 
the former and latter compounds 

D = AEIF(C,,H,,) - AH~(C,,H,,O) = 26.6 kcal 

Above. it is seen that replacing a -CH,- group with an -0- group lowers the gas 

Fig. 2. (n) 9.10-Dihydroanthraccne. (b) Dibenzopyran. 

phase heat of formation. The gas phase heat of formation of dibenzo-p-dioxin 
(dioxin). as shown in Fig. 3(a). may therefore be estimated as 

AHF(dibenzo-p-dioxin) = AITI,?(C,~H,,O) -D* - 15.0 kcal 

Estimated gas phase heats of formation for chlorinated dioxins 

The procedure for estimating the gas phase heat of formation for chlorinated 
dioxins will be by way OF an example calculation for the compound, 2,3.7,8- 
tetrachlorodibenzo-p-dioxin (2,3,7&TCDD), shown in Fig. 3b. I will assume that, as 
3 first approximation: 

(3) 

(b) 

“meta-” and “paru” effects of the (-Cl) and (-0-) group interactions may be 
ignored; 
replacement of an (-H) group with 3 (-Cl) group in dioxin is rot&y 
equivalent to the same replacement on benzene; 

The following formalism will be used to estimate the gas phase heats of formation 
for chlorinated dioxins. (Note that analogously as to be outlined here for dioxins, the 
gas phase heats of formation for chlorinated dibenzofurans may also be estimated, 
as a value for the gas phase heat of formation of dibenzofuran has already been 
reported in the literature and is noted in Table 1.) 

a G@ cl”A 

2 

(a) 

7 0 3 

6 4 

Fig. 3. (a) Dibenzo-pdioxin. (b) 2,3,7,8-Tetrachlorodibenzo-p-dioxin. 
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(c) the (-Cl) orrho effect in benzene is the same in 2,3,7&TCDD. 
Then, as a first approximation (dioxin is denoted DD below) 

~$‘(2,3.7,8-TCDD) = J&r’(DD) - 4x-, + 20cltcI = -41.22 kcal 

However, we must now correct for the “nteta-” and “para” effects of the (-Cl) and 
(-0) group interactions in 2,3,7,%TCDD. To do this we will assume: (i) the “nteta” 

effect is equivalent to the nreta effect associated with nz-chlorophenol, and (ii) the 
“paru” effect is equivalent to the para effect associated with p-chlorophenol. There 
are some chlorinated dioxins for which a knowledge of the “ortho” effect is required. 
It will be assumed equivalent to the average ortho effect associated with the 
compounds: pentachlorophenol. 1,4-dihydroxytetrachlorobenzene and 1,4-dihydroxy 
-2.6dichlorobenzene. These o-, nz- and p-mixed substituent effects have been calcu- 
lated following the methodology I have previously described and are reported in 
TabIe 4. With corrections, for these additional effects the gas phase heat of forma- 
tion for 2.3.7,8-TCDD can be estimated as 

-1 _ri;:L3,7.%TCDD) = AH:(DD) - 4xc, + 20ctc, + 4( pon.ci + n?oH,ct) 

= -82.5 kcal 

The gas phase heats of formation of the other 74 possible chlorinated dioxins can be 
similarly estimated, and the calculations are presented in Table6. As noted previ- 
ously. a similar table may be easily generated for chlorinated dibenzofurans. As 
regards the chlorinated dioxins, a careful examination of Table6 leads to two 
tentative conclusions that: (i) the primary effect of increased chlorination is a 
lowering of the gas phase heat of formation, and (ii) the more the number of 
chlorine atoms in the “or~ho” position to the -0- group, the more the gas phase 
heat of formation is raised. 

NOTE ADDED IN PROOF 

In the body of the paper and in Table 1, the compound 1,4-dihydroxytrichloro- 
beqzenc is incorrectly identified as l&dihydroxytetrachlorobenzene. When this 
correction is taken into account, it is necessary to correct the value reported for the 
o,,(II) effect from 5.96 kcal mole-’ to 6.83 kcal mole- ’ in Table 4. The reader is. 
further instructed that where the o,$I) effect is incorporated into Tabies 5 and 6, 
corresponding adjustments should be made by performing the calculations indicated 
in the tables. 
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