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Abstract 

Values for calculating the enthalpies of formation and standard entropies of chlorinated 
dibenzo-p-dioxins and dibenzofurans are obtained. The enthalpy of formation for dibenzo-p- 
dioxin derived from values for related compounds is - 55 kJ mol-  1 The value of AfH for 
dibenzofuran obtained by Chirico et al., 55.2 kJ mol-  1, is recommended. Basic reductions in the 
enthalpy of formation of 29.5 kJ mol -  1 for each chlorine substitution, with positive corrections 
of 7.5 kJ m o l i  for each ortho- and 2.5 kJ mol-  1 for each para-substitution, are derived from 
the enthaplies of formation of chlorinated benzenes. It is noted that a recent evaluation of the 
enthalpies of formation and sublimation of the mono- and dichlorophenols indicates that the 
enthalpies of formation of these and possibly other chlorinated aromatic compounds vary more 
regularly with degree of chlorination than previously thought, and the model of chlorination 
based on phenols due to Shaub is thus, in general, unsatisfactory. A previous model of 
dibenzo-p-dioxin and dibenzofuran chlorination based on benzoquinone chlorination due to the 
author may underestimate the reduction in enthalpy of formation for the higher degrees of 
chlorination. The values 388 J mol 1 K -  1 (Shaub) and 374.4 J mol-  1 K ~ (Chirico et al.) for the 
standard entropies of dibenzo-p-dioxin and dibenzofuran are recommended, with each chlorina- 
tion increasing the entropy by 22.6 J mol-  1 K - 1. 
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1. Introduction 

The significance of d ibenzo-p-d iox in  and d ibenzofuran  and their  ch lor ina ted  der iva-  
tives as env i ronmen ta l  po l lu tan ts  has led to a t t empts  to derive t h e r m o d y n a m i c  da t a  for 
them and to use such d a t a  to examine  their  general  s tabi l i ty,  condi t ions  of  format ion ,  
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relative abundance of isomers and homologues, and equilibrium concentrations 
relative to mixtures of other species. These efforts to derive data include a method of 
prediction of the enthalpy of formation of the chlorinated species using chlorination 
of phenol as the basis of adjustment of the enthalpy of formation for successive 
degrees of chlorination, due to Shaub [1]. A detailed examination of the entropy of 
dioxin and some chlorinated dioxins based on adjustment of vibrational frequencies, 
moments of inertia, etc., of benzene and chlorinated benzenes, and anthracenes, was 
carried out by the same author [2]. Spencer and Neuschutz [3] extended Shaub's data 
to condensed 2,3,7,8-tetrachlorodioxin by combining the gas phase result with data 
presented by Rordorf [4], and Schroy et al. [5] and examined its stability in the 
presence of varied concentrations of oxygen and chlorine. An investigation of relative 
concentrations of chlorinated dioxins and dibenzofurans by Thompson [6, 7], in which 
the enthalpies of formation are derived with reference to the differences in published 
enthalpies of formation of benzoquinone and its chlorinated derivatives, has been 
presented recently. He shows that his method and that of Shaub lead to prediction of 
radically differing isomer distributions whilst the Benson group additivity method 
using generalised parameters [8] gives a less varied distribution than either. Unsworth 
and Dorans [9] derived thermodynamic data for the species by the totally different 
approach of use of the MOPAC molecular structure predictive program [10]. Their 
results differ from those of Thompson in detail but there is general agreement in the 
range of isomer abundances for any particular degree of chlorination. This contrasts 
with predictions on the basis of Shaub's enthalpies of formation, which lead to a very 
wide range of relative abundances. 

The present paper combines the outcome of the survey of thermodynamic data 
carried out in connection with the work reported in Refs. [6] and [7] with a revised 
summary of available experimental organic thermodynamic data due to Pedley [11], in 
order to provide a definitive basis for the derivation of enthalpies of formation and 
standard entropies of chlorinated dioxins and furans. The areas where further experi- 
mental information are most required are identified. 

2. Assessments of enthalpies of formation 

Three separate evaluations are required for the enthalpies of formation, i.e. those for 
(i) the enthalpy of formation of dibenzo-p-dioxin, (ii) the enthalpy of formation of 
dibenzofuran, and (iii) the effect on the enthalpy of formation of successive stages and 
positions of chlorination. 

2.1. Enthalpy of Jormation of dibenzo-p-dioxin 

No experimental determination of the enthalpy of formation of dioxin or any of its 
chlorinated derivatives is available. Shaub 1-1] used the conversion of 9,10-dihy- 
droxyanthracene to dibenzopyran as the basis of an evaluation, with the second oxygen 
substitution altering the enthalpy of formation by the same amount as the first. Group 
additivity based on modification of two benzene molecules can also be used to obtain 
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an enthalpy of formation, or an attempt can be made to derive data on the basis of 
trends in the enthalpies of formation of similar molecules. The experimental data is in 
fact sufficiently complete for substitutions between cyclohexane and dibenzo-p-dioxin 
for the procedure to be validated by application in extended form, as in Fig. 1. The 
processes of oxygen substitution of cyclohexane to dioxin (top row), addition of one 
benzene ring to each compound in the top row (second row) and addition of a second 
benzene ring (third row) produce trends which should allow an evaluation for dibenzo- 
p-dioxin at the lower right. The enthalpies of formation shown in Fig. 1 are taken from 
Ref. [11]. The specific sources are given in detail in Ref. [11] and are all established 
values and have not been changed for many years. It may be seen that the changes in the 
enthalpies of formation given between each pair are generally similar. 

The NIST computer database [12] was also examined for any more recent informa- 
tion which may have been missed inadvertently, but there were no discrepancies except 
in the values given for 3,4-dihydro-2H-l-benzopyran, and 9,10-dihydroanthracene, 
which disagree with the values given in Ref. [11] by approximately 10 and 16 kJ mol -  1 

respectively. However, these are in fact estimates and not fundamental data. 
Three of the substitutions shown in Fig. 1 follow the commonly observed trend for 

the change in enthalpy of formation resulting from the second substitution being 
smaller than that for the first substitution. This occurs on going from cyclohexane to 
dioxin, from cyclohexane to 9,10-dihydroanthracene, and from tetrahydro-2H-pyran 
to dibenzopyran. However, the changes in enthalpy of formation going to 2,3-dihydro- 
1,4-benzodioxin from both 1,4-dioxane and 3,4-dihydro-2H-1-benzopyran are respect- 
ively smaller and larger than expected if the normal trend were to be followed. The 
enthalpy of formation of 2,3-dihydro-1,4-benzodioxin is, therefore, regarded as suspect, 
and would merit re-evaluation. If the trends are followed, a true enthalpy of formation 
of approximately - 182 kJ tool - 1 for this substance is indicated by both horizontal and 
vertical conversions. 

If the modified value for the enthalpy of formation of 3,4-dihydro-2H-l-benzopyran 
is adopted, the predicted enthalpy of formation of dibenzo-p-dioxin is 55 kJ mol 1, 
which is reasonably close to the figure of 63 kJ mol -  1 derived by Shaub. 

2.2. Enthalpy of formation of dibenzofuran 

A comparable exercise to that for dibenzo-p-dioxin to obtain the enthalpy of 
formation of dibenzofuran is, in principle, possible, starting with either furan or 
tetrahydrofuran. However, the data for the substances involved in either process is 
incomplete. Fortuitously, dibenzofuran has been the subject of a rigorous ther- 
modynamic study by Chirico et al. [13]. Their result is ArH = 55.22 kJ mol 1. Chirico 
et al. note that their result agrees with another recent result [14]. They also note that 
the difference between their enthalpy of combustion and the value obtained by Cass 
et al. [15] is only 0.5%, but that this is sufficient to lead to the significant discrepancy 
between their value for the enthalpy of formation and the previously accepted value 
(that of Cass et al. [15]), 83.3 kJ mol-1.  

The limitations of the data available for derivation of the enthalpy of formation of 
dibenzofuran by the same method as used for dibenzodioxin above, and the case made 
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CYCLOHEXANE TETRAHYDRO-2H-PYRAN 1,4-DIOXANE 
-123.3 -223.~ -315.3 

-100.1 -91.9 

© 

1149.3 ~141.0 ~(111.2133) 

1,2,3,4-TETRAHYDRO- 3,4-DIHYDRO- 2,3-DIHYDRO- 
NAPHTHALENE 2H-I-BENZOPYRAN 1,4-BENZODIOXIN 

26.0 -82.4 -204.1 (182) 

-108.4 -121.7 

(-lOO) 

© 

1133.7 ~ 133.8 ~(126.8) 

9,10-DI HYDROANTHRACENE DIBENZOPYRAN DIBENZO-P-DIOXIN 
159.7 48.4 (55) 

o 

Fig. 1. Derivation of enthalpy of formation of dibenzo-p-dioxin: enthalpies of formation and changes in 
enthalpy between related compounds (kJ mol 1). 
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by C h i r i c o  et al. for  the  cons i s t ency  of  the i r  e x p e r i m e n t a l  va lue  wi th  a n o t h e r  recent  

e x p e r i m e n t a l  va lue ,  l ead  to  the  r e c o m m e n d a t i o n  of  tha t  value.  T h e  d e r i v a t i o n  exerc ise  

is t he re fo re  omi t t ed .  

2.3. Effect of chlorination on enthalpy of formation 

In the case of dibenzo-p-dioxin, the chlorination of each of the rings can be 
considered to have no influence on the properties of the other benzene ring. This is less 
certain for dibenzofuran, but is regarded as a reasonable first approximation. Although 
it is possible that allowance for interaction associated with 1,9-substitution should be 
made, no definite value can be ascribed, and it is in any case expected to be small. There 
is no indication of strong oxygen-chlorine atom interactions in the literature. 

Experimental enthalpies of formation for chlorinated organic compounds are often 
subjected to considerable uncertainties. This arises because the chlorine is not com- 
pletely converted to hydrogen chloride in basic bomb calorimetry, and the preferred 
modification to procedure is use of a rotating bomb with arsenious acid added to 
reduce the chlorine. This increases the demands on experimental techniques, so that 
some caution must be exercised in accepting the data of any particular group. The 
situation is further complicated because it would appear that the effect of other 
functional groups on the change in enthalpy of formation due to chlorination is 
complex, and the effect also differs between aliphatic and aromatic compounds (see 
Ref. [11]). Because of the dependence on the type of compound chlorinated, examples 
used to assign values to the effect of chlorination on the enthalpy of formation of 
dioxins and dibenzofurans are confined to a few aromatic compounds and their 
chlorinated derivatives. 

The direct effect of chlorination may be examined with reference to data on benzene 
and its chlorinated derivatives. The 'classical' literature contains values for benzene, 
chlorobenzene, the o-, m- and p-dichlorobenzenes, and hexachlorobenzene, and the 
assessed data a r e  summarised in Table l(a). There are additional results due to 
Platonov and Simulin 1-16] available for the stages of chlorination between the 
dichlorobenzenes and hexachlorobenzene. Insufficient details of this work are given to 
justify reliance on their values for accurate information. 

Table 1 
(a) Enthalpies of formation (kJ mol 1) of condensed and gaseous benzene and mono-, di- and hexachloro- 
benzenes from Ref. [11] 

Species Hf for condensed Hf for gas 

Benzene 49.0 82.6 
Monochlorobenzene 11.1 52.0 
o-Dichlorobenzene - 17.5 30.2 
m-Dichlorobenzene - 20.7 25.7 
p-Dichlorobenzene --42.3 22.5 
Hexachlorobenzene - 127.6 35.5 
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S h a u b  [1] a t t e m p t e d  to ex t end  the  d a t a  to c h l o r i n a t i o n  of  a benzene  r ing wi th  an  

o x y g e n  a t o m  a t t a c h e d  by reference  to  benzene  and  p h e n o l  ch lo r i na t i on .  T h e  s t a n d a r d  

c o m p i l a t i o n s  n o t e  pheno l ,  m- and  p - c h l o r o p h e n o l ,  a n d  p e n t a c h l o r o p h e n o l  en tha lp ies  

of  f o r m a t i o n  on ly  (Tab le  l(b)). T h e  s t a n d a r d  sources  a lso  inc lude  d a t a  for  ben-  

z o q u i n o n e ,  b e n z o q u i n o l ,  and  the i r  de r iva t ives ,  o b t a i n e d  by Smi th  et al. [-19]. These  

d a t a  a re  s u m m a r i s e d  in T a b l e  l(c), t o g e t h e r  wi th  the  m o r e  recent  resul ts  for d ich lo-  

r o p h e n o l s  of  da  Si lva et al. [18].  I t  is w o r t h  r e m a r k i n g  on  the  qua l i t y  of  the  w o r k  of  

Smi th  et al. [-19], wh ich  cover s  a large  n u m b e r  of  c h l o r i n a t e d  c o m p o u n d s .  These  d a t a  

fall in to  three  parts :  a l imi ted  n u m b e r  of  e x p e r i m e n t s  ca r r i ed  ou t  us ing  a r o t a t i n g  b o m b  

ca lo r ime te r ;  a large  n u m b e r  us ing  a s ta t ic  ca lo r ime te r ;  a n d  s o m e  e x p e r i m e n t s  ca r r i ed  

ou t  in the  s ta t ic  c a l o r i m e t e r  wi th  the s ample  c o v e r e d  wi th  ce l lophane .  T h e  r o t a t i n g  

b o m b  c a l o r i m e t e r  resul ts  were  used as reference,  and  it was  found  tha t  the  resul t  for  

o - d i c h l o r o b e n z e n e  was  2 kJ  l ower  w h e n  b u r n t  in an  a m p o u l e  in the  s ta t ic  b o m b ,  and  

5.8 kJ  l ower  w h e n  c o v e r e d  wi th  ce l lophane .  T h e  resul ts  o b t a i n e d  in the  s ta t ic  b o m b  a re  

the re fore  r e g a r d e d  as l ikely to be  less t h a n  the  t rue  va lue  for a g iven  c o m p o u n d .  

No ne the l e s s ,  they  a re  r e a s o n a b l y  re l iab le  i n a s m u c h  as the  a p p l i c a t i o n  of  the  t e c h n i q u e  

and  a t t e n t i o n  to e x p e r i m e n t a l  deta i l  a re  fully r e p o r t e d  a n d  c lear ly  consc ien t ious .  T h e  

resul ts  for samples  c o v e r e d  wi th  c e l l o p h a n e  are  c o m m o n l y  i g n o r e d  since the  p o t e n t i a l  

e r ro r  is serious.  

T h e  d a t a  in T a b l e  2(c) h a v e  in c o m m o n  the  c o m b u s t i o n  of  the  sol id  c o m p o u n d  as the  

source  of  hea t s  of  c o m b u s t i o n .  T h e y  thus  r equ i r e  the  e n t h a l p y  of  s u b l i m a t i o n  at 

Table 1 
(b) Enthalpies of formation (kJ mol ~) of gaseous and condensed phenol, and mono-, di- and penta- 
chlorophenols, and their enthalpies of sublimation 

Species Hf for condensed Hf for gas H~. b 

Phenol - 165.1" - 95.4 a 68.6 c 
3-Chlorophenol - 189.3 (liq) a 

-206.7 c - 153.3 a'c 53.1 ¢ 
69.4 b 

4-Chlorophenol - 181.3 (liq)" 
_ 197.9 ¢ 145.8 a,c 51.9 c 

69.5 b 
2,3-Dichlorophenol - 223.3 b -- 151.6 b 71.7 b 
2,4-Dichlorophenol - 226.4 b -- 156.3 b 70.1 b 
2,5-Dichlorophenol - 232.7 b 158.4 b 73.6 b 
2,6-Dichlorophenol - 222.1 b -- 146.3 ~ 75.8 b 
3,4-Dichlorophenol - 231.6 b - 150.3 b 81.3 b 
3,5-Dichlorophenol - 231.8 b - 148.2 b 82.8 b 
Pentachlorophenol - 292.5 a - 225.1 a 67.4 c 

"From Ref. [11]. These and the corresponding values in Ref. [17] differ only slightly: no adjustment to 
heats of sublimation has been made to conform with the small differences. 

bFrom Ref. [18]. 
c From Ref. [17]. 
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Table 1 
(c) Enthalpies of formation (Ref. [ 11 ]) and enthalpies of sublimation (Ref. [20]) (kJ mol- 1) of benzoquinone 
and hydroquinone and their chlorinated derivatives 

Species Hf for condensed Hf for gas Hsu b 

Benzoquinone - 185.7 - 122.9 62.8 
2-Chlorobenzoquinone - 220.6 - 151.6 69.0 
2,3-Dichlorobenzoquinone - 248.1 
2,5-Dichlorobenzoquinone - 245.2 
2,6-Dichlorobenzoquinone - 244.3 - 174.5 69.9 
Trichlorobenzoquinone - 269.5 - 185.7 98.7 
Hydroquinone - 364.5 - 265.3 99.2 
2-Chlorohydroquinone - 382.8 - 314.0 69.0 
2,3-Dichlorohydroquinone -416.3 
2,5-Dichlorohydroquinone - 427.3 
2,6-Dichlorohydroquinone - 423.5 - 331.5 92.0 
Trichlorohydroquinone - 440.7 - 339.4 101.3 
Tetrachlorohydroquinone - 453.6 

298.15 K for their conversion to enthalpy of formation of  the gas. F r o m  the table it may  
be seen that there is a trend for the heats of combust ion  of  the solid compounds  to 
decrease with increasing degree of chlorination, except on going from hydroqu inone  
th rough  chloroquinone  to the dichloroquinones.  The overall change in enthalpy of  
formation on going from hydroquinone  to the d ichlorohydroquinones  is of the same 
order  (60 kJ m o l -  1) as two chlorinations derived from benzene chlorination, however, 
so that the high difference in the enthalpies of formation of  benzoquinone  and 
chlorobenzoquinone,  and the small difference in the enthalpies of format ion for 
ch loroquinone  and the dichloroquinones,  are either due to an unusual lack of stability 
of chlorohydroquinone ,  or  an error  in the measurement  (which is at tr ibuted with an 
error  of  _ 8.4 kJ mo1-1 by Cox and Pilcher [17]). 

The conversion of this data  for the solid to gas phase enthalpies of format ion using 
the earlier data  for enthalpies of sublimation leads to some additional anomalies. The 
possibility that  at least some of the apparent ly  erratic effects of chlorinat ion on the heat 
of  combust ion  may  be due to inaccurate data  for enthalpies of sublimation is 
highlighted by the data of  da Silva et al. [18] for chlorophenols.  If their enthalpies of 
sublimation are combined with the currently accepted enthalpies of format ion of the 
solid phase [ 17], and the resulting gas phase enthalpies of format ion are compared  with 
the gas phase enthalpies of format ion of phenol and the dichlorophenols,  it is seen that  
the effect of chlorination is broadly in agreement with the model  of 30 kJ m o l -  1 for 
each chlorination, with some adjustment for interactions. It seems possible that the 
observed strongly decreasing change in enthalpy of format ion with degree of chlorina- 
tion in the benzoquinone series is due to increasingly high values for the enthalpy of 
sublimation, and re-measurement  of this value would be desirable. (The possibility that  
there are errors in the enthalpies of format ion remains, of  course, and re-estimation of  
these values would also be desirable.) 
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Table 2 
Isomer abundances for tri- and pentachlorodioxins and tetrachlorodibenzofurans predicted by the present 
work and by the method presented in Ref. [6] 
(a) Abundances for tetrachlorodibenzofurans 

Isomer This work From Ref. I-6] Bz/Qn 
% ('Bz') % ('Qn') 

1234 0.086 < 10 4 
1236 0.592 0.025 23.68 
1237 0.592 0.025 23.68 
1238 0.592 0.025 106.56 
1347 2.664 0.025 106.56 
1348 2.664 0.025 106.56 
2346 0.592 0.025 23.68 
2348 0.592 0.025 23.68 
2349 0.592 0.025 23.68 
1246 2.477 0.073 33.93 
1247 2.477 0.073 33.93 
1248 2.477 0.073 33.93 
1239 0.604 0.006 100.67 
1349 2.718 0.006 453.00 
1249 2.527 0.017 148.65 
1267 0.978 0.693 1.41 
3467 0.489 0.693 0.71 
1268 2.477 3.590 0.69 
1367 2.477 3.590 0.69 
2467 2.477 3.590 0.69 
1369 10.427 10.726 0.97 
1468 10.427 10.726 0.97 
1269 4.171 0.524 7.96 
1289 0.997 0.177 5.63 
1278 0.978 0.83 1.18 
2367 0.978 0.83 1.18 
1478 4.088 2.453 1.67 
1279 2.527 0.722 3.50 
1368 6.317 18.784 0.34 
2468 3.159 18.784 0.17 
1378 2.477 4.3 2.00 
1469 8.781 6.363 1.38 
2368 2.477 4.3 0.58 
2378 0.489 0.994 0.49 

I n  s u m m a r y ,  t he  c h l o r i n a t i o n  of  b e n z e n e  i n d i c a t e s  t h a t  c h l o r i n e - c h l o r i n e  i n t e r a c -  

t i o n s  a re  s t r o n g e s t  a t  t h e  o r t h o  p o s i t i o n ,  w e a k e r  a t  t he  m e t a ,  a n d  m i n i m a l  a t  t h e  p a r a .  

T h e  c o m p o u n d s  c h o s e n  in a p r e v i o u s  s t u d y  [6, 7] as  b e i n g  n e a r e s t  in  s t r u c t u r e  to  

c h l o r i n a t e d  d iox in s ,  t he  s u b s t i t u t e d  b e n z o q u i n o n e s ,  ref lect  th i s  in  p r o g r e s s i v e l y  less 

r e d u c t i o n  in  e n t h a l p y  of  f o r m a t i o n  p e r  c h l o r i n a t i o n  w i t h  in i t i a l  d e g r e e  of  s u b s t i t u t i o n ,  

b u t  t he  effect is m u c h  s t r o n g e r  t h a n  for  b e n z e n e .  T h e  h y d r o x y - g r o u p - c o n t a i n i n g  ser ies  



D. Thompson/Thermochimica Acta 261 (1995) 7 20 

Table 2 
(b) Abundances for trichlorodibenzo-p-dioxins 

15 

Isomer This work From Ref. [6] Bz/Qn 
% ('Bz') % ('Qn') 

123 0.558 0.098 5.81 
124 3.878 1.991 1.95 
126 3.878 2.728 1.42 
127 3.878 2.728 1.42 
128 3.878 2.728 1.42 
129 3.878 2.728 1.42 
136 9.902 16.072 0.62 
137 9.902 16.072 0.62 
138 9.902 16.072 0.62 
139 9.902 16.072 0.62 
146 16.344 8.130 2.01 
147 16.344 8.130 2.01 
236 3.878 3.268 1.18 
237 3.878 3.268 1.18 

Table 2 
(c) Abundances for pentachlorodibenzo-p-dioxins 

Isomer This work From Ref. [6] Bz/Qn 
% ('Bz') % ('Qn') 

12346 0.905 0.046 19.64 
12347 0.905 0.046 19.64 
12367 1.494 1.671 0.89 
12368 3.814 9.854 0.39 
12369 6.295 4.984 1.26 
12378 1.494 2.001 0.75 
12379 3.814 9.854 0.39 
12389 1.494 1.671 0.89 
12467 6.295 4.984 1.26 
12468 16.072 29.370 0.55 
12469 26.528 14.857 1.79 
12478 6.295 12.037 0.52 
12479 18.301 3.302 5.54 
12489 6.295 4.984 1.26 

o f  p h e n o l s  and  h y d r o x y q u i n o n e s  s h o w  er ra t i c  b e h a v i o u r ,  wi th  the  effect of  c h l o r i n a t i o n  

v a r y i n g  wi th in  wide  l imits  and  s h o w i n g  li t t le t e n d e n c y  t o w a r d s  a cons i s t en t  dec rease  
wi th  deg ree  of  c h l o r i n a t i o n  (if c lass ical  va lues  for the e n t h a l p y  of  s u b l i m a t i o n  are  

accepted) .  H o w e v e r ,  the  use of  recent  va lues  for  the  en tha lp ie s  of  s u b l i m a t i o n  of  
m o n o c h l o r o d i o x i n s  b r ings  the  resul ts  for  the  p h e n o l  series m u c h  c loser  in b e h a v i o u r  to  

benzene  c h l o r i n a t i o n .  It  is a lso  o f  n o t e  in this c o n n e c t i o n  tha t  va lues  for the  en tha lp ie s  

of  s u b l i m a t i o n  of  c h l o r i n a t e d  d iox ins  o b t a i n e d  by R o r d o r f  et al. [21]  fo l low a s t eady  
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trend of increasing enthalpy of sublimation with degree of substitution, in contrast to 
the erratic variation noted for the benzoquinone and hydroquinone series, which are of 
much earlier origin [20]. If wide error limits are accepted for earlier values ofenthalpies 
of sublimation, and it is taken into account that the results of Smith et al. [19] for 
enthalpies of formation of the chlorinated species are somewhat low, these results are 
also consistent with the results for benzene. 

It is therefore recommended that the value 29.5 kJ mol 1 is used for chlorine 
substitution in dibenzo-p-dioxins or dibenzofurans, with 7.5 kJmol  1 correction 
applied for each ortho interaction, and 2.5 kJ mol-  1 applied for each meta interaction. 

3. Standard entropy 

The standard entropy values are of significance in calculation of Gibbs free energies 
for equilibria involving substituted dibenzodioxins and dibenzofurans, and their 
importance increases with increasing temperature. They are dependent on three-centre 
interactions and consequently are less amenable to group additivity predictive 
methods than enthalpies of formation. 

3.1. Standard entropy of dibenzo-p-dioxin 

The Benson group additivity result for dibenzo-p-dioxin entropy is 296 J mol -  1 K 1 
from the values given in the CHETAH computer database (with the carbonyl group used 
to represent the C B O group [22]). The more recent values of Domalski and Hearing 
[23] for group contributions omit the value for entropy for the O (CB) 2 group, and 
therefore also require use of the value for a similar group. Shaub [2] used modification 
of the vibrational frequencies of anthracene on the basis of vibrational frequencies for 
the oxygen bridge of dibenzofuran to derive an entropy for dioxin of 388 J mol z K -  1. 
The discrepancy is large, and since the value obtained by Shaub does not incorporate 
a large change from that for the model compound (anthracene), and is similar to the 
experimental value for the closely related compound dibenzofuran (see below), it is 
regarded as a reasonable estimate. 

3.2. Standard entropy of dibenzofuran 

The standard entropy of dibenzofuran is reported as 374.4 J mol 1 K -  1 by Chirico 
et al. [13]. The result reported in Ref. [7] (402.2 J mol -  1 K 1) represents an attempt to 
adjust from the group additivity result, for which the group corresponding to the direct 
link between the benzene rings is not available. The value obtained by Chirico et al. is 
regarded as reliable. 

3.3. Effect on standard entropy of chlorination 

The effect of chlorination on the standard entropy is given in group additivity 
tabulations 1-22] as 30.48 J mol -  1 K -  1. This value was used in Refs. [6] and [7]. Shaub 
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obtained standard entropies for some chlorinated dioxins (1-chloro-, 2-chloro-, 2,3,7,8- 
tetrachloro-, and octachlorodibenzo-p-dioxin), using chlorination of benzene as the 
model on the basis of which the dibenzo-p-dioxin frequencies could be modified. The 
total entropy change for the first four chlorinations (90.46 J mol -  1 K -  1) is sufficiently 
close to the entropy change for the last four chlorinations (94.01 J mol 1 K 1) to 
assume a mean value per chlorination of 22.6 J mol -  1 K -  1, with no interaction term 
included. 

4. Comparison with previous results: equilibria between 
isomers and congener groups 

The equilibrium isomer distributions predicted using the benzoquinone-based 
model [6] and the present model are shown for tri- and pentachlorodioxins, and 
tetrachlorofurans, at 600 K, in Table 2. The discrepancy between the two sets of 
predictions is not serious for the majority of the isomers, when the high sensitivity of 
equilibrium concentrations to enthalpies of formation is taken into account. In the case 
of a few isomers the difference is more marked; for instance, the benzoquinone-based 
model predicts destabilisation of 1,4,6,9-tetrachlorodibenzofuran because the model 
regards the effect of chlorination of each ring as equivalent to the effect of formation of 
dichlorobenzoquinone from benzoquinone, with attendant chlorine-chlorine interac- 
tions reducing the change in enthalpy of formation due to chlorination. However, the 
current model considers that there is no interaction between any of the substituents in 
this isomer. 

Isomer group terms have been derived as described in Ref. I-7]. The relative 
abundances of the isomer groups have been calculated using the 'MULTIPHASE' module 
of the NPL MXDATA predictive program, for a C:H:O:C1 ratio of 12:100:1.5:100, at 
temperatures of 300 and 600 K. The high levels of chlorine and hydrogen ensure that 
the ratios of the unchlorinated species and the various degrees of chlorination are 
virtually independent of the chlorine and hydrogen levels. Molecular chlorine and 
hydrogen are included in the predictive database to absorb the excess of these species. 
The results are given in Table 3. The ratio of the present predictions to that of the earlier 
database reflects the higher positive contribution to the enthalpy due to interactions 
between the substituents which is included in the earlier model. The current model 
predicts more bias towards formation of the more highly substituted species than does 
the earlier model. 

5. Conclusions 

1. The most likely value of the enthalpy of formation of dioxin is - 55 kJ mol 1 
This is derived by following trends in the value of substances obtained when substitu- 
tions are made in cyclohexane. A direct experimental determination would be needed 
for any further degree of confidence in the value. A value of 388 J mol -  1 K -  1 for the 
entropy, due to Shaub, is consistent with data for similar compounds. 
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Table 3 
Logarithms of equilibrium constants for conversion of equilibrium isomer groups of chlorinated dioxins and 
dibenzofurans predicted by the method given in Ref. [6] to those predicted in the present work: values for 
pentachloro- groups C12H3C150 (g) (Ref. [6]) = C12H3Cl50(g)(this work) 

T/K - G/R Tin 10 

298.15 1.964 
300.00 1.937 
400.00 0.921 
500.00 0.350 
600.00 -0.013 
7OO.OO - 0.264 
800,00 - 0.448 
9OO.O0 -0.589 

1000,OO -0.700 

C12H3C1502(g)(Ref. [-6])= C12H3Cl502(g)(this work) 

T/K - G/R Tin 10 

298,15 6.003 
300,00 5.986 
400,0 5.349 
5O0.OO 5.032 
6OO,OO 4.850 
7OO.00 4.735 
800.00 4.657 
900.00 4.599 

loo0.OO 4.556 

2. The recent  exper imenta l  values, 55.2 kJ mol  1 for the en tha lpy  of fo rma t ion  of  
d ibenzofuran ,  and  374.4 J mol  1 K -  1 for the s t anda rd  ent ropy,  ob ta ined  by Chir ico  
et al., are r ecommended .  

3. Ca lcu la t ion  of the effect of ch lo r ina t ion  on the en tha lpy  of fo rma t ion  of  the 
c o m p o u n d  is r e commended  to involve a basic  reduc t ion  in the en tha lpy  of fo rma t ion  
by 29.5 kJ mol  1, with the effect reduced by 7.5 kJ mol  1 for each o r tho - re l a t ionsh ip  
with ano the r  chlor ine  a t o m  on the same ring which it in t roduces ,  and  2.5 kJ m o l -  ~ for 
each meta - re la t ionsh ip  it in t roduces .  There  is a need for more  accura te  values for 
po lych lo r ina ted  benzenes if confidence in values for the more  heavily ch lo r ina ted  
d ibenzo-p-d iox ins  and d ibenzofurans  is to be established.  The en t ropy  change  for each 
ch lo r ina t ion  can be taken  to be 22.6 J m o l -  ~ K -  1. 
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