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The standard enthalpies of formatiafH3,, were estimated for all 209 gaseous polychlorinated biphenyl
(PCB) congeners combining the difference methtite procedure that is completely consistent with group
additivity approach-and data on relative stability of PCB isomers modeled by the semiempirical method
AM1 (Mulholland et al.J. Phys. Cheml993 97, 6890). A set of 14 parameters was derived for estimating
the enthalpy of formation values of PCBs by group additivity method. The results are compared with previous
group additivity estimations. The proposed group additivity scheme is based on the experimental enthalpies
of formation of biphenyl, 2,2dichlorobiphenyl, 4,4dichlorobiphenyl, and multichlorinated benzenes. To
check the doubt on the enthalpy of formation of'ZJ&hlorobiphenyl, its value was determined by density
functional calculations at the B3LYP level of theory using isodesmic reactions. The results of these calculations
suggest that the experiment&fH3,, value of 2,2-dichlorobiphenyl is underestimated by at least2lkcal/

mol.

Introduction were also estimated by Wu et @lusing non-next-nearest
neighbor interaction groups with the Benson'’s group additivity

Along with polychlorinated dibenzp-dioxins and dibenzo-  nethod. Mulholland et dlhave calculated the relative enthalpies
furans, polychlorinated biphenyls (PCBs) are environmentally f formation of PCB isomers by the semiempirical molecular

signjficant compounds.. These toxic .compounds occur in the 5rpital method AM1 (Austin model 1). It is known that AM1
environment by a variety of chemical industry processes, regylts are not of sufficient accuracy frHS,, values. In fact,
especially during combustion of hazardous wastes. Thermody-the enthalpies of formation for 2;2and 4,4-dichlorobiphenyl
namic properties of PCBs are important in equilibrium calcula- c4jcylated by AM1 (37.1 and 33.4 kcal/mbéjre overestimated
tions and for understanding the reaction pathways relating to by 6.5 and 4.5 kcal/mol, respectively, as compared to experi-
polychlorinated compounds formation, destruction, combustion antal data (30.6 and 28.9 kcal/mbPNevertheless, the AM1
and other environmental processes. Knowledge of the thermo-y,51es of relative enthalpies of formation proved to be helpful

dynamics of PCBs would provide a powerful tool for quantita- i, calculating the relative yields of PCB isomers during pyrolysis
tive prediction of their concentrations in combustion systems of 1 2_dichlorobenzene, anthracene, and pyrene: the thermo-

and for optimizing conditions to minimize their formation. dynamic distribution of the PCB isomers modeled by AM1
Experimental data on enthalpies of formation are available agreed with experimental data in each of these sys_t'ehms_
for only two isomers of dichlorobiphenyl, 2;2and 4,4 addition, a good agreement between isomer compositions

dichlorobiphenyf-2 Thus, different estimation methods were predicted by semiempirical methods (MNDO and AM1) and
used to evaluate thasH3. values for PCBS. 7 For the first  those observed for polychlorinated diberzdioxins is worth
time, the gas-phase enthalpies of formation of PCBs were of notice®® Mulholland et al” have also derived a set of group
estimated by Shadlusing a group additivity method. In addition  additivity parameters for estimation of relative isomer stability.
to the effect of replacing a hydrogen atom with chlorine atom,  Figure 1 compares the relative enthalpies of formation of
the author considered the ortho, meta, and para interactionsgichlorobiphenyls estimated by different authors. The relative
between chlorine atoms within each phenyl ring as well as the enthalpy of formation is the difference between the enthalpy of
interactions between ortho chlorine atoms of adjacent rings. Theformation for given isomer and 4:dichlorobiphenyl whose
values of AjHZgg for mono-, di-, and trichlorobiphenyls were A3, value is the lowest among dichlorobiphenyls. Three of
estimated in TRC tablésising the empirical correlations. These these data sets cannot be regarded as reasonable enough. The
data were accepted by Holmes etaithereas for the remaining  AM1 calculatiori overestimates the relative enthalpy of forma-
compounds (tetra-, penta-, hexa-, hepta-, octa-, nona-, andjon of 2,2-dichlorobiphenyl (3.7 kcal/mol) in comparison with
decachlorinated biphenyls), Holmes ef d@lave estimated the  that of the experiment (1.6 kcal/mol). According to the procedure
AfH3qg values by Benson's group additivity method. The developed by Shaubthe 2,3-, 2,4-, 3,3-, 34-, and 4,4
enthalpies of formation of mono-, di-, and trichlorobiphenyls  dichlorobiphenyls are of the equal enthalpy of formation. This
result is inconsistent with the influence of destabilizing steric
*To whom correspondence should be addressed. factors associated with ortho chlorine atoms (i.e. chlorine atoms
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Figure 1. Comparison of relative enthalpies of formation for dichlo- Trichlorobiphenyl isomers

robiphenyls estimated by the AM1 metHddashed line) and previous
group additivity schemes (solid lines)®, Shaub® a, TRC* and
Holmes et al5 0O, Wu et al®

Figure 2. Comparison of relative enthalpies of formation for the portion
of trichlorobiphenyls estimated by the AM1 metHddashed line) and
previous group additivity schemes (solid line®; Shaub® a, TRC%®
and Holmes et aP;0d, Wu et al®

attached in one or more of the following positions: 2, &

and 6). Ortho chlorine atom steric interactions with its
neighboring phenyl group are bound to increase Mjd3q,
values of 2,3 and 2,4-isomers relative to 3'3 3,4-, and 4,4
dichlorobiphenyls with no ortho Cl atoms. As seen from Figure
1, the Shaub’s resuftsire not representative of this effect. The
values of AfH3.q accepted by TR and Holmes et &.have
other shortcomings: the adopted empirical correlation could not
distinguish the large group of isomers (2,2,4-, 2,4-, 2,5-,
2,6-, and 3,4-dichlorobiphenyls), and their enthalpy of formation
values were suggested to be equal.

Among the group additivity results, only values estimated
by Wu et al® comply with the role of steric factors in
dichlorobiphenyls. Besides, Figure 1 shows that there is an
obvious correlation between the predicted group addifityd

AM17 results. For trichlorobiphenyls, however, not AlH3,, A{HS(3-chlorobiphenyly= A Hsobiphenyl)+

values correlate with destabilizing steric effect of ortho chlorine N o .
atoms: Wu et af.in common with Shaubhave predicted the AfH2ed Ce—(CI)] — AHz,dCp—(H)]  (difference method)

enthalpy of formation values for 2,8- and 2,45-isomers with . . o
ortho Cl atoms to be the same as those fot,3;3and 3,45- AfHz0¢(3-chlorobiphenyl}= AH3q4biphenyl) +
isomers expected to be the most stable (Figure 2). A{H3gg(chlorobenzene)- A;H5q{benzene)

The situation for other PCB congeners (tetrachlorobiphenyls, (method of group equations)
pentachlorobiphenyls, etc.) is identical to that for di- and
trichlorobiphenyls. The estimation method developed by Shaub The method of group equations may be considered as a special
predicts some isomers with ortho Cl atoms to be the most stable.case of the more general difference method in which the group
In regard to estimates of Holmes et &there are the sets of  values (G—(Cl) and G—(H) in our case) are based on one
isomers for which the enthalpy of formation values were compound only. Cohen and Bendbpointed to the advantage
accepted to be equal. As an example, we refer to an enthalpyof the difference method for large molecules for which accurate
of formation of 16.4 kcal/mol for twelve tetrachlorobiphenyls, group values have not been defined. We used the difference
among which is the 2,%5,8 isomer. However, the enthalpy of method to estimate the thermodynamic properties of many
formation of 2,2,6,6-tetrachlorobiphenyl is expected to be organic compounds of environmental conc&im this work,
substantially higher because of large steric interactions associ-the difference method was applied to predict the enthalpies of
ated with four ortho Cl atoms. formation of PCB isomers. For trichlorobiphenyls and PCBs

Thus, the three additivity approaches discussed above are notvith higher degree of chlorination, the results of AM1 calcula-
sufficiently advanced to predict the relative distribution of the tion of relative enthalpies of formatiérnvere taken into account
PCB isomers and can lead to conflicting results for the relative to estimate the non-nearest-neighbor interaction terms.
yields of PCBs in thermodynamic modeling of environmental In developing the group additivity scheme, the doubts were
processes. Benson's group additivity metidéihas been widely cast upon the experimental value of enthalpy of formation of
used to estimate enthalpies of formation of many organic 2,2-dichlorobiphenyl. Because this value is of paramount impor-
compoundg®14 This method allows us to estimate the ther- tance in the estimation of the ortho Cl atoms interactions, the
modynamic properties with uncertainties no larger than experi- enthalpy of formation of this molecule was determined in this
mental uncertainties if available experimental data are enoughwork by density functional calculations with isodesmic reactions.

to derive group additivity values including nonnearest interac-
tions. Experimental data for PCBs are limited by two enthalpy
of formation values for dichlorobiphenyls, and because of this,
the interaction terms can be estimated very approximately using
some empirical correlations.

An alternative approach, the difference method or the method
of group equations, can be also used to predict the thermody-
namic properties. This procedure is completely consistent with
group additivity and sometimes offers a more accurate estimat-
ing scheme than Benson'’s group values. Strictly speaking, the
difference method and the method of group equations are
somewhat different. To estimate the enthalpy of formation of,
say, the 3-chlorobiphenyl, one can use two equations:



A Modified Group Additivity Scheme

Results

Dichlorobiphenyls. The method of group equations enables
the calculation of the enthalpy of formation for some compound
if the enthalpies of formation are known for compounds, called
the model compounds, structurally very similar to that of
interest. Biphenyl, benzene, and mono- and dichlorobenzene

can be used as model compounds in estimating the enthalpie

of formation of dichlorobiphenyls. The difference method
suggests that the difference &H3q4 values between dichlo-

rinated biphenyl and biphenyl is the same as the difference
between corresponding chlorinated benzene and benzene. Wit

experimental values oAsH3,4 for model compounds, we can
estimate the enthalpies of formation for dichlorobiphenyls from
the following equations:

AH34(2,2-,2,3-,2,4-,3,3-,3,4-, or
4,4-dichlorobiphenyl}= A;H3{biphenyl)+
2[A{H3q¢(chlorobenzeney AH5q{benzene)f

43.51+ 2(12.43— 19.74)= 28.89 kcal/mol (1)

AH5442,3- or 3,4-dichlorobiphenyhr A;H5.(biphenyl)+
A{H3g¢(1,2-dichlorobenzene} AH3.4benzeney
43.51+ 7.22— 19.74= 30.99 kcal/mol (2)

AH542,4-, 2,6-, or 3,5-dichlorobipheny;
A{H3g(biphenyl)+ AH3.¢1,3-dichlorobenzeney
AH5gdbenzeney= 43.51+ 6.14— 19.74=

29.91 kcal/mol (3)

AH5q42,5-dichlorobiphenyly= AH3q4(biphenyl)+
A{H3g¢1,4-dichlorobenzene} A;H3.{benzeney
43.51+ 5.38— 19.74= 29.15 kcal/mol (4)

Here, the enthalpy of formation of biphenyl is the value
determined from calorimetric stud§;the AtH3yg values for

benzene and all chlorinated benzenes were taken from compila-

tion by Pedley?
It is obvious that this difference scheme covers only the steric

Sgwo group additivity approach&s®® and agrees closely with
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corrections for isomers with ortho Cl atoms. The relative
enthalpies of formation are shown in Figure 3 together with
values calculated by AM1 methddAs is seen from a
comparison between Figures 1 and 3, the simple difference
scheme, based only on the experimental data for structurally
similar molecules, does not have the disadvantages of previous

results of Wu et af. Unfortunately, Wu et at.reported the

interaction terms for di-substituted single-ring aromatics, only

and it is not clear how thésH34g values for dichlorobiphenyls
ere obtained.

Calculated enthalpies of formation for dichlorobiphenyls
(Table 1) can be applied to derive the Benson'’s group additivity
values. We used the value of 3.29 kcal/mol fer-H) group
(Cg is the aromatic C atom) as recommended by Cohen and
Bensoni! from analysis of available experimental data for
benzene derivatives. The values 0g-€Cg) and G—(CI)
groups andA12, A1, andAj4 corrections were then calculated
from enthalpies of formation of biphenyl and four types of
dichlorobiphenyls:

A¢H3q¢(biphenyl)= 43.51 kcal/mok=
10[Ge—(H)] + 2[C—(Cp)] (5)

A{H3q4(4,4-dichlorobiphenyl}= 28.89 kcal/mok=
8[Cg—(H)] + 2[Cs—(Cp)] + 2[Ca—(CI)] (6)

A{H3443,4-dichlorobiphenyli= 30.99 kcal/mok=
8[Cg—(H)] + 2[Ce—(Cp)] + 2[Ca—(CN] + Ay, (7)

A{H344(3,5-dichlorobiphenyli= 29.91 kcal/mok=
8[Cg—(H)] + 2[Cs—(Cp)] + 2[Ca—(CN] +A3 (8)

A{H344(2,5-dichlorobiphenyl=
(29.15+ ¢y pp) keal/mol= 8[Cy—(H)] + 2[C;—(Cg)] +
2[Cg—(CN] +A14+ 0o—cipn (9)

interactions between Cl atoms within each ring and can lead to The calculated group additivity values are given in Table 2.

poor estimates for molecules with appreciable interactions
between adjacent phenyl rings. Only an additional information

The values for @—(Cg) and G—(Cl) groups and\;, correction
are in close agreement with those recommended by Belson;

on enthalpies of PCBs themselves would provide the basis for other nonnearest chlorine interactiors,; and A4, were not

further differentiating between four groups of dichlorobiphenyls
obtained above. Actually, eq 1 leads AgH344(4,4-dichloro-
biphenyl) = 28.89 kcal/mol in good agreement with experi-
mental value of 28.94t 1.05 kcal/mol2 whereas the same
estimate for 2,2dichlorobiphenyl, the molecule with two ortho
chlorine atoms, is 1.68 kcal/mol lower than the experimental
value of 30.57+ 1.12 kcal/mol? To fit the enthalpy of
formation of 2,2-dichlorobiphenyl to the experimental value,
the ortho correctionjo—ciph = 0.84 kcal/mol, should be adopted.

considered by Benson.

Monochlorobiphenyls. The enthalpies of formation of
monochlorobiphenyls (Table 1) were estimated by difference
method using the experimentéiH5,; values for biphenyl,
benzene, and chlorobenzene. For 2-chlorobiphenyl, the ortho
correction was added.

Tri-, Tetra-, Penta-, Hexa-, Hepta-, Octa-, Nona-, and
Decachlorobiphenyls.For lack of needed experimental data,
the AML1 relative enthalpies of formatiérwere used in this

This correction term accounts for the interaction effect associatedwork. In defense of this approach, we point to the close

with one chlorine substitution in the 2,26, or 8 position.
Initially, the value of 0.84 kcal/mol was accepted for ortho
correction in this work. Later, however, its value was increased
up to 1.40 kcal/mol to avoid too lowkiH3,s Values for some
tri- and tetrachlorobiphenyls with ortho Cl atoms (see below).
This value 0fdo-cipnleads toAiH3¢(2,2-dichlorobiphenyl)=
31.69 kcal/mol, which is an upper limit of the experimental
value.

The enthalpies of formation of dichlorobiphenyls given in
Table 1 are those from eqs-# modified by one or two ortho

agreement of the trend in relativgH3y values for dichloro-
biphenyls predicted by AM1and estimated in this work by
the difference method (Figure 3) as well as the AM1 predictions
of equilibrium isomer compositions in agreement with experi-
mental datd:® Furthermore, as will be shown somewhat
later, the relative enthalpy of formation of 2@chlorobi-
phenyl predicted by AM1 (3.7 kcal/mdl)s found to be in
good agreement with the value obtained by density func-
tional calculations at the B3LYP/6-3315(3df,2p) level (4 kcal/
mol).
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TABLE 1: Enthalpies of Formation for Gaseous PCB Isomers at 298.15 K (kcal/mol)

Dorofeeva et al.

no. isomet AfH3gg no. isomet AfH3gg  NO. isomet AfH3gg  nO. isomet AfH3gg
monochlorobiphenyls 61 2,3,4,5- 23.42 126 '3AA,5- 13.49 190 2,3;3%,4,5,6- 8.06

1 2- .59 62 2,3,4,6- 23.54 127  345,8- 12.41 191  2,3/%,4,5,6- 6.04

2 3- 36.19 63 2,3/45- 19.26 hexachlorobiphenyls 192 2/3%3%,3,6- 6.98

3 4- 36.19 64 2,3,46- 20.66 128  2,23,3,4,4- 11.30 193  2,3/34,5,5,6- 6.00
dichlorobiphenyls 65 2,3,5,6- 23.50 129 233,4,5- 12.31 octachlorobiphenyls

4 2- 31.69 66 2,34,4- 18.80 130 2,23,3,4,5- 10.47 194  2,23,3,4,4,5,5- 3.34

(30.57+£1.12)> 67 2,3,4,5- 19.26 131 2/3,3,4,6- 12.43 195 2/3,3,4,4,5,6- 4.47

5 2,3- 32.39 68 2)A,5- 17.72 132 2,23,3,4,6- 11.87 196  2,23,3,4,4,5,6- 3.46

6 2,3- 30.29 69 2,34,6- 19.67 133 2/8,3,55- 9.64 197  2,23,3,4,4,6,6- 3.58

7 2,4- 31.31 70 2,34 5- 18.04 134 2,23,3,5,6- 12.39 198 2/8,3,455,6- 3.64

8 24- 30.29 71 2,34 5- 20.09 135  2,23,3,5,6- 11.04 199 2,23,3,4558,6- 3.42

9 2,5- 30.55 72 2,34 ,6- 20.20 136  2,23,3,6,6- 12.44 200 2,23,3,4,5,6,6- 5.04

10 2,6- 32.71 73 2,5,5- 16.96 137  2,23,4,4,5- 11.23 201  2,23,3,45,6,6- 3.54

11 3,3- 28.89 74 2,35,6- 19.12 138 2,23,445- 10.47 202 2,23,3,55,6,6- 3.50

12 3,4- 30.99 75 2,4.%6- 19.26 139 2,23,4,4,6- 11.35 203  2,23,4,455,6- 3.64

13 3,4- 28.89 76 2,4,46- 19.67 140 2,23,4,4,6- 10.88 204  2,23,4,4,5,6,6- 4.05

14 3,5- 29.91 77 33.4- 18.48 141 2,23,45,% 10.47 205 2,3/%,4,55,6- 3.07

15 4,4- 28.89 78 3,34,5- 18.69 142 2/3,4,5,6- 14.66 nonachlorobiphenyls

(28.94+£ 1.05)> 79 3,3,4,5- 17.40 143 2,23,4,5,6- 12.63 206  2,23,3,4,45,5,6- 0.49

trichlorobiphenyls 80 3,%,5- 16.32 144  2,23,4,8,6- 10.59 207  2/23,3,4,4,5,6,6- 0.61

16 2,2,3- 26.48 81 3,4/45- 18.69 145 2,23,4,6,6- 12.75 208  2,23,3,4,55,6,6- 0.57

17 2,2,4- 25.40 pentachlorobiphenyls 146  '24.,5,5- 9.64 decachlorobiphenyl

18 2,2,5- 24.63 82 ,3,4- 16.29 147  2,23,4,5,6- 11.31 209 2,8,3,4,455,66- —2.36

19 2,2,6- 26.80 83 2,23,3,5- 15.46 148  2,23,4,5,6- 10.05

20 2,3,3 25.08 84 2,23,3,6- 16.86 149  2/23,4,5,6- 11.04

21 2,3,4- 27.40 85 2:8,4,4- 15.21 150 2,23,4,6,6- 11.45

22 2,34 25.08 86 2,23,4,5- 17.51 151  2,8,5,8,6- 10.55

23 2,3,5- 26.57 87 2,38,4,8- 14.45 152 2,23,5,6,6- 12.71

24 2,3,6- 27.97 88 2,3,4,6- 17.63 153 2)4,4,55- 9.64

25 2,3,4- 24.00 89 2,23,4,6- 16.61 154  2,24,4,5,6- 10.05

26 2,34- 25.08 90 2,23,4,5- 14.38 155 2,24,4,6,6- 10.46

27 2,3,5- 23.24 91 2,23,4,5- 15.46 156  2,3/34,4,5- 10.91

28 2,3,5- 24.00 92 2,23,4,6- 15.78 157 2,3)%,4,5- 9.90

29 2,3,6- 25.40 93 2,23,4,6- 1587 158 2,3/34,4,6- 11.03

30 2,44 24.00 94 2,23,5,8- 13.62 159  2,3;34,53- 9.83

31 2,4,5- 26.57 95 2,3,5,6- 17.59 160  2,3,3,5,6- 13.26

32 2,4,6- 26.98 96 2,3,5,6- 15.78 161 2,3/34,5,6- 9.95

33 2,4,5- 23.24 97 2,23,5,6- 15.02 162  2,3;3,5,5- 9.07

34 2,46 25.40 98 2,23,6,8- 17.18 163 2,3, 5,6- 10.99

35 3,3,4- 23.68 99 2,24,4.5- 14.38 164  2,3/#,5,6- 10.47

36 3,3,5- 22.60 100 2,24,4,6- 14.79 165 2,3)%,5,6- 9.91

37 3,44 23.68 101 2,24,5,8- 13.62 166  2,3,4,46,6- 13.26

38 3,4,5- 26.00 102 2,2,586- 15.78 167 2,34,4,55- 9.07

39 3,4,5- 22.60 103 2,24,5,6- 14.03 168 2,34,4,5,6- 9.48
tetrachlorobiphenyls 104 2,2,6,6- 16.19 169 3,34,4,5,5- 8.50

40 2,2,3,3- 21.28 105 2,3/34,4- 14.89 heptachlorobiphenyls

41 2,2,3,4- 21.49 106  2,3)31,5- 16.11 170 2,3,3,4,4,5- 7.32

42 2,2,34- 20.20 107  2,3/4,5- 13.81 171 2,23,3,4,4,6- 7.44

43 2,2,3,5- 20.66 108  2,3;3%,6- 16.23 172 2,3,3,4,5,8- 6.49

44  2,235- 19.44 109 2,3,%,5- 14.06 173 2,23,3,4,5,6- 9.46

45 2,2,3,6- 22.06 110 2,3}3,5- 14.89 174  2,23,3,4,5,6- 7.89

46 2,2,3,6- 21.60 111 2,3/#4,6- 15.46 175  2/23,3,4,5,6- 6.61

47 2,244- 19.12 112 2,3/35,5- 12.98 176  2,23,3,48,6- 7.40

48 2,2,4,5- 20.66 113 2,3%,6- 16.19 177  2/8,3,4,6,6- 8.01

49 2,245- 18.36 114 2,3)3%,6- 14.38 178  2,23,3,5,5,6- 6.57

50 2,2,4,6- 21.07 115  2,3,44- 16.11 179  2,23,3,5,6,6- 7.97

51 2,246- 20.52 116  2,3,4)4%6- 16.23 180 2,23,4,4,55- 6.49

52 2,255- 17.60 117  2,3,4,5,6- 20.57 181 234,4,5,6- 8.38

53 2,256- 19.76 118  2,3/45,6- 16.19 182  2/B,4,4,56- 6.90

54 2,26,6- 2192 119 2,34,4,5- 14.06 183  2,23,4,4,5,6- 6.61

55 2,3,34- 20.09 120 2/344,5- 13.81 184  2,23,4,4,6,6- 7.02

56 2,334- 19.88 121 2,34,4,6- 14.47 185  2,23,4,5,56- 7.62

57 2,3,35- 19.26 122 2/34,55- 12.98 186  2,23,4,56,6 9.78

58 2,3,35- 18.80 123 2,34,5,6- 13.39 187 2,23,4,55,6- 6.57

59 2,3,3,6- 20.66 124  2/34.,5,5- 13.05 188  2,23,4,5,6,6- 6.98

60 2,344 20.09 125 23456- 1521 189 2,3)%#455- 5.92

2 For the numbering of the carbon atoms in PCBs, see Figut&perimental values?

At the first stage, the enthalpies of formation were calculated values of G—(H), Cs—(Cg), Cs—(Cl), A1, A1z A1 and
by the difference method using biphenyl; benzene; and mono-, do—cipn to be the same as those for dichlorobiphenyls, seven
di-, tri-, tetra-, and pentachlorobenzenes as model compoundsnew correction termsA;23 A124, A13s A1234 A1235 A1245 and
For example A123a5—Were determined. These terms account for the total steric
interactions between three, four, and five chlorine atoms in the
different positions. The value &;234 for one, can be derived
from the enthalpy of formation of 2,3,3,4,5-hexachlorobi-
phenyl (eq 10):

AH3.42,3,3,4,4,5-hexachlorobiphenyk-

AHSdbiphenyl)+ AH3.4(1,2,3,4-tetrachlorobenzent)
AH541,2-dichlorobenzeney 2AH3.(benzene) (10)

AH542,3,3,4,4,5-hexachlorobiphenybr 4[C;—(H)] +

As for dichlorobiphenyls, the calculatetiiH345 values were
2[Ca—(Cg)] + B[Ce—(CN] + Asp+ Agpzat docipn (11)

then applied to derive the group additivity values. Taking the
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Figure 3. Comparison of relative enthalpies of formation for all PCB isomers estimated in this work (solid lines) and by the AM1’rfoktbbed
lines). The numbers on the abscissa correspond to the PCBs numbers in Table 1.

The other interaction terms were calculated in a similar way, atoms. For instance, the enthalpy of formation of' 3,3-
and their values were considered as the tentative estimates. tetrachlorobiphenyl was the same as that for the most stable
At the next stage, the values of seven interaction terms were3,3,5,5 isomer. This effect can indicate that the experimental
refined to fit the trend in the relative enthalpy of formation enthalpy of formation of 2,2dichlorobiphenyl is not quite
values to that modeled by the AM1 methbdlote that initial accurate. When the value 6f_c;pnwas increased up to 1.40
refinement was carried out assumidig-ci,pn = 0.84 kcal/mol. kcal/mol, the trend in relative distribution of tri- and tetrachlo-
However, with this value we could not obtain the reasonable robiphenyls became quite reasonable (Figure 3). The latter value
values for some tri- and tetrachlorobiphenyls with ortho chlorine of do-cipn corresponds toAsH35.4(2,2-dichlorobiphenyl) =
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TABLE 2: Group Additivity Values for Estimating the There are numerous quantum chemical approaches for making
Enthalpies of Formation of PCB Isomers thermochemical predictions. Some of these methods are very
value value value accurate, but with present computational capabilities, they can
group  (kcal/mol) group (kcal/mol) group (kcal/mol) only be applied to relatively small molecules. The B3LYP
Cs—(H) 329  Amu 0.27 A3 6.48 method is chosen because it is the less computationally
Cs—(Cl) —-4.02 A 4.43 A12s5 6.44 expensive one and yields reasonable energies for small mol-
Ce—(Cs) 530 A 3.60 Ai2ass 10.82 ecules?® For large molecules, the DFT method cannot predict
A 211 Ass 2.61  Odo-ciph 1.40 the enthalpies of formation from atomization energies with the
JAVE 1.03 A1234 7.76

desirable accuracy of-12 kcal/mol, and so, their values were
31.69 kcal/mol, which is the maximum permissible value within - estimated using the isodesmic reactighan isodesmic reaction
the limits of the experimental accuracy. It should be particularly s one in which the number of bonds of each type is conserved,
emphasized that the ortho correction, and hence the enthalpyand then one might expect the cancellation of errors in calculated
of formation of 2,2-dichlorobiphenyl, was increased not to fit energies on the two sides of the reaction. As a result, the energy
the AM1 results but to obtain reasonable enthalpy of formations change in the isodesmic reaction is moderately well-predicted
for some isomers with ortho chlorine atoms. Additional argu- using a simple level of theory.
ments for this choice provide the DFT calculations (see below).  The isodesmic reactions lead to more accurate results for
Only three types of interactions, namely, 1,2-, 1,3, and 1,4- processes in which the initial reactants and final products are
interactions, are usually employed for multisubstituted aromatic as similar as possibR.Because of this, we chose the reactions
compounds:5.71¢-1217All interactions between three and more  where the groups are also conserved besides the bond types.
substitutes are defined as the sum of these three terms. ThusThe following three isodesmic reactions were selected to
1,2,3-trichlorobenzene would have two 1,2 interactions and one determine the enthalpy of formation of biphenyl:
1,3 interaction, whereas 1,2,3,5-tetrachlorobenzene would have
two 1,2 interactions, three 1,3 interactions, and one 1,4 CH-—CH;+ CH,—CH;— 2 C;H,—CH, (R1)
interaction. However, it does not always happen that this set of
group interaction values can reproduce the experimental CeHs—CeHs + H,C=CH, = CgHg + CH;—CH=CH, R2
AtH3qg values. For this reason, Bozzelli et have sug- (R2)
gested that the interaction effects in multisubstituted aromatics CgHs—CgHs + CH;—OH — CgH;—OH + C;H;—CH,4
were not always linearly additive. Bozzelli et @l7 have (R3)
developed the empirical formalism for counting the number of . ) . .
interactions in aromatic compounds on the basis of experimental T WelVe reactions were selected for 2,and 4,4-dichlorobi-
and estimatedAsH34g values for chlorinated benzenes. This phenyls:
formalism counts all of the 1,2 interactions but only considers ., _ . . .
the integer value from half of the number of 1,3 and 1,4 CICeH—CeH,—Cl + CH, — CHy—CeHs + CHZCIZ(R4)
interactions. We believe that this approach is hardly worth
considering as long as there is an uncertainty in the enthalpy of CI—CgH;—C¢H,—Cl + CH;—CH; —
formation values for multichlorinated benzeri&4? CgHs—C¢H5 + CH;—CHCI, (R5)
The final correction terms are summarized in Table 2. After
fitting to AM1 results, these terms may be considered as Cl=CeH,—CeH,—Cl + H,C=CH, —~
involving not only the total steric interaction between chlorine CgHs—CgH5 + H,C=CClI, (R6)
atoms within a ring but also the influence of the adjacent phenyl ., . . .
ring. The corresponding enthalpies of formation for all PCB Cl=CeHy—CeH,—Cl + 2 CH,
isomers are given in Table 1; their relative values are shown in CeHs—Cl + CgHs—CH; + CHLCI (R7)
Figure 3 together with AM1 resulfs. _ _ _ _ .
Uncertainties. The uncertainties ithjHog values for mono- Cl=CeH—CeH,—Cl + 2 CH;—CH,
and dichlorobiphenyls are expected to be not much larger than CeHs—Cl 4 CgHs—CH,—CH; + CH,—CH,CI (R8)
the uncertainties of experimental values for'2,@nd 4,4 Cl—C4H,—C¢H,—Cl + 2 H,C=CH, —
dichlorobiphenyls, namely, -12 kcal/mol. The accuracy of o P _
AfH34g values for other PCBs can reach 2.5 kcal/mol for CeHsCl + CgHy—CH=CH, + H,C=CHCI (R9)
tri(t:)hl?]robiiahenylds, 4 IT(callllmollf?r te:]ra—, penta-, and hexachloé Cl—C¢H,—C4H,~—Cl +2CH,—
robiphenyls, and 5 kcal/mol for hepta-, octa-, nona-, an _
decachlorobiphenyls. CeHg + CeHs~CH, + CH,CI, (R10)
Density Functional Calculations of Enthalpies of Forma- Cl—C¢H,—C;H,—Cl + 2 CH,—CH; —
gpn of Biphenyl and 2,2- and 4,4-Dichlorobiphenyls. As CgHg + CsHs—CH,—CH, + CH,—CHCI, (R11)
iscussed above, the attempts to develop the group additivity
approach for PCBs were unsuccessful when the experimentalCl—C¢H,—C¢H,—Cl + 2 H,C=CH, —
value of AfH3es was used for 2,2dichlorobiphenyl. The CeHg + CgHs—CH=CH, + H,C=CCl, (R12)
enthalpy of formation of 2,2dichlorobiphenyl should be
assumed to be-12 kcal/mol larger than that of the experimental Cl—CgH;—CeH,—Cl + 2 CH;—OH —
value to get the enthalpies of formation for isomers with ortho 2 CHs—OH + CH,—CHCI, (R13)
Cl atoms in agreement with destabilizing steric effect of these
chlorine atomg. To check the reliability of ?he experimental value Cl=CeH,;~CeH,—Cl + CH;—OH + H,C=CH, —
of AfH3eg for 2,2-dichlorobiphenyl, the enthalpies of forma- C¢Hs—CH,; + C;H;—OH + H,C=CCl, (R14)
tion of biphenyl and 2,2 and 4,4-dichlorobiphenyls were Cl—CyH,—C4H,—Cl + CH,—OH + CH, —

calculated in this work at the B3LYP density functional theory
(DFT) level. C¢Hs—Cl + C;H;—OH + CH,—CH,CI (R15)
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TABLE 3: Calculated Electronic Energies, Zero-Point Energies, Thermal Corrections, and Experimental Enthalpies of
Formation for Species in Reaction Schemes

electronic energyk.
B3LYP/6-31H-G(3df,2p)//

B3LYP/6-31G(d,p) B3LYP/6-31G(d,p) ZPE H39s — HG AiHSod
molecule (hartree) (hartree) (kcal/mol) (kcal/mol) (kcal/mol)
CH,Cl, dichloromethane —959.698903 —959.780193 18.482 2.835  —22.80+0.26
CHgCI chloromethane —500.112545 —500.158771 23.800 2487  —19.58+0.12
CH, methane —40.524019 —40.536715 28.259 2.391 —17.78+0.10
CH,O methanol —115.723966 —115.772722 32.255 2.664  —48.16+0.05
C,H.Cl, 1,1-dichloroethylene —997.778547 —997.873590 21.128 3.279 0.670.31
C,H3ClI chloroethylene —538.190157 —538.250621 26.834 2.811 5.300.50°
CoHa ethylene —78.593808 —78.621106 32.082 2.502 12.850.07
C,H4Cl, 1,1-dichloroethane —999.021891 —999.113317 36.145 3.631  —30.52+0.33
C,HsCl chloroethane —539.43305 —539.489534 41.945 3.121  —26.79+0.26
CoHe ethane —79.838739 —79.861402 47.021 2.775 —20.03+ 0.07
CsHsCl chlorobenzene —691.852927 —691.955672 57.163 4.042 12.430.31
CsHe benzene —232.258214 —232.327483 63.131 3.347 19.#40.17
CsHeO phenol —307.478469 —307.580608 65.769 4.051  —23.04+0.22
C/Hs methylbenzene —271.578745 —271.657515 80.280 3.950 12.670.12
CgHsg phenylethylene —309.660922 —309.752623 83.761 4.856 35.370.33
CgHao ethylbenzene —310.893407 —310.982050 98.496 5.198 7.170.24
C12HgCl, 2,2-dichlorobiphenyl —1382.502527 —1382.704469 101.687 7.806 30.571.12
Cy12HsCl 4,4 - dichlorobiphenyl —1382.510768 —1382.711255 101.930 7.720 28.941.05
Ci2H1o biphenyl —463.32194 —463.455324 114.066 6.158 43.510.18¢

aReference 2° Reference 23° Reference 16.

The enthalpy change of an isodesmic reaction can be TABLE 4. Calculated Enthalpies of Formation of Biphenyl,
calculated from either the total energies at certain level of 2:2-Dichlorobiphenyl, and 4,4-Dichlorobipheny! (kcal/mol)

calculation AH3gg AH3ggexp) — AH3ggcalc)

. B3LYP/ B3LYP/ B3LYP/ B3LYP/
AH3q5 = Z(E, 0f products)— Z(E,, of reactants) (12)  reaction 6-31G(d,p)6-311+G(3df,2p) 6-31G(d,p) 6-31HG(3df,2p)

° o . . Biphenyl
where Bt = Ee + ZPE + [H3eg — H{] (Ee is the electronic (R1) 43.67 44.6% Y ~0.16 ~1.09
energy, ZPE is the zero-point energy, amtfd; — H{] is the (R2) 44.42 44.60 —0.91 ~1.09
thermal correction), or from the experimental valueg\gfl5yg (R3) 44.78 44.00 -1.27 -0.49
of each species average 44.29 44.40 0.78 0.8%
value
AH35qg = Z(A{H3q5 Of products)— Z(A;H3,5 Of reactants) 4,4-Dichlorobiphenyl
(13) (R4) 28.55 29.48 0.39 —0.54
(R5) 28.92 29.96 0.02 —1.02
Combining eqs 12 and 13, we have the following equation for EE% gg:gg g%gg _1%,56 :g:ég
calculating the enthalpy of formation of any molecule: (R8) 26.61 27.90 233 1.04
(R9) 31.11 31.00 —2.17 —2.06
AH5odmolecule)= Z(A¢H345 Of products)— (R10) 29.15 31.31 —-0.21 —2.37
o (R11) 26.52 28.74 2.42 0.20
2(A{H34g Of reactants)y- X(E,, of productsi- (R12) 5959 3018 065 194
3(E,, of reactants) (14)  (R13) 32.42 30.98 —3.48 —2.04
(R14) 30.51 30.14 —1.57 —1.20
It is obvious that the uncertainty of thgH3,, value calculated (R15) s1.28 30.92 —2.34 —1.98
. . average 29.49 30.12 1.46 1.39%
from eq 14 will be determined by the accuracy of the value

experimental enthalpies of formation for species involved in

the reaction. To reduce these errors, we tried to use the R4) 2,2-Dichlorobipheny!

. . 33.57 33.58 —3.00 —3.01

molecules with well-knownAsH3qs values and consider a  (Rs) 33.04 34.06 —337 —3.49
sufficiently large number of reactions. (R6) 33.70 33.18 -3.13 —2.61
Density functional calculations were performed using the (R7) 35.61 35.86 —5.04 —5.29
Gaussian 98 system of prografisThe structural parameters  (R8) 31.63 32.00 —1.06 —1.43
were fully optimized at the B3LYP/6-31G(d,p) level of theory. (E%) %?,&3 ggﬂ :g'gg :i'gz
Harmonic vibrational frequencies, zero-point energies, and (rq7) 31.54 32.83 —097 —26
thermal corrections were computed at the same level. To see if(R12) 34.61 34.27 —4.04 —3.71
the large basis set results in an improvement of calculated values(R13) 37.44 35.08 —6.87 —4.51
the optimized geometries were also used to obtain the electronic(R14) 35.53 34.24 —4.96 —3.67
energies in B3LYP/6-311G(3df,2p) single-point calculations. (Réfa)lge g’fgf 334?321 _537594 _g'g;

Calculated electronic energies, zero-point energies, and thermaf
corrections are given in Table 3 together with experimental o
values of AfHg for all molecules in reactions RAR15. # Average absolute deviation.

Two sets of enthalpies of formation of biphenyl and’'2,2 were calculated from eq 14 using the electronic energies
and 4,4-dichlorobiphenyls are given in Table 4. These values obtained at the B3LYP/6-31G(d,p) and B3LYP/6-31G(3df,

value
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2p) levels of calculation. In both cases, the total energies areconsist of theAjs, Az and Ay terms plus some additional
based on B3LYP/6-31G(d,p) zero-point energies and thermal corrections due to non-nearest-neighbor interactions. In support
corrections scaled by 0.96 as recommended by Curtiss?ét al. of the scheme proposed in this work, one can present our recent
for B3LYP calculations. As is seen from Table 4, the calculated results for polychlorinated dibenzwdioxins and dibenzo-
values ofAiH3., for biphenyl and 4,4dichlorobiphenyl are in furans!® where the same interaction terms were applied not only
good agreement with those of the experiment: the averageto the enthalpies of formation but also to the entropies and heat
absolute deviations do not exceed 1 and 1.5 kcal/mol, respec-capacities obtained from statistical mechanical calculations. The
tively. The calculated values for 2;8ichlorobiphenyl, however, set of A1p, A1z, A1, A123 A124 andAqo34corrections fitted the

are substantially larger than the experimental value, and anentropy and heat capacity values with average deviation of 0.1
average deviation from the experimentaHs,s value amounts  kcal/mol; the appropriate maximum deviations did not exceed
up to ~4 kcal/mol. This result allows us to suggest that the 0.3 kcal/mol.

experimental value of enthalpy of formation of 2¢ichloro-

biphenyl is underestimated by at least2 kcal/mol. The Summary

difference between average values of enthalpy of formation of
2,2- and 4,4-dichlorobiphenyl is 5 kcal/mol at the B3LYP/6-
31G(d,p) level of calculation and 4 kcal/mol at the B3LYP/6-
311+G(3df,2p) level. The latter value is close to the relative
enthalpy of formation of 2,2dichlorobiphenyl estimated by the
AM1 method (3.7 kcal/mol). Therefore, it may be safely
suggested that the destabilizing steric effect of ortho chlorine
atoms in 2,2dichlorobiphenyl is substantially larger than was
suspected from experimental measurements (1.6 kcal/mol).

The improved values of enthalpies of formation of mono-
and dichlorobiphenyls were estimated by difference method
using the experimental data for biphenyl, '2,2nd 4,4-
dichlorobiphenyls, and chlorinated benzenes. For other PCBs,
the AfH5q values were estimated combining the difference
method and data on relative enthalpies of formation calculated
by the semiempirical method AMAThe value of the ortho
correction was improved using the results of density functional
calculations. Three group values and 11 correction terms for
. . use in the group additivity method were derived.
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additivity schemes © were mainly based on experimental data (1) Smith, N. K.; Gorin, G.; Good, W. D.; McCullough, J. ®.Phys.
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for chlorinated benzenes. Unfortunately, the experimental en (2) Pedley. J. BThermochemical Data and Structures of Organic
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the_e_xpense of great computational cost and they are not (13) Cohen, NJ. Phys. Chem. Ref. Datt996 25, 1411.
sufficiently advanced for large polychlorinated molecules. In (14) Chen, C.-J.; Wong, D.; Bozzelli, J. W. Phys. Chem. A998
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