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Thermodynamic Properties of Dibenzo-p-dioxin, Dibenzofuran, and
Their Polychlorinated Derivatives in the Gaseous and Condensed
Phases. 2. Thermodynamic Properties of Condensed Compounds
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Thermodynamic data including enthalpies of formation and fusion, entropies, and heat capacities have
been derived for dibenzo-p-dioxin, dibenzofuran, and their polychlorinated derivatives in the solid and
liquid states. The evaluated data are based on recent experimental determinations of enthalpies of
formation of dibenzo-p-dioxin, 1-chlorodibenzo-p-dioxin, 2-chlorodibenzo-p-dioxin, and 2,3-dichlorodibenzo-
p-dioxin, improved statistical thermodynamics calculations, several published vapor pressure measure-
ments, melting temperatures, enthalpies of fusion, and various correlations. The consistent database is
intended for simulation of the processes leading to the formation of these pollutants. This second part of
our work describes evaluations for solid and liquid dibenzo-p-dioxin, dibenzofuran, and their polychlo-
rinated derivatives together with vapor pressure data treatment to derive a consistent set of thermody-

namic data.

Introduction

The past decade has seen considerable progress in
studies of the thermodynamic properties of polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-
furans (PCDFs) due to various experimental and theoreti-
cal investigations.1=22 However, the creation of a thermo-
dynamic database requires the development of a data set
which is consistent with all available information, the
general laws of thermodynamics, and some correlations.

The present paper combines data for gaseous and
condensed phases to derive such a consistent data set for
all the compounds considered.

Entropies and Heat Capacities of Condensed
Compounds

Experimental values of the entropy and heat capacity
for the condensed phase are known for dibenzofuran (DF)
only.2® Estimations of the condensed phase entropy and
heat capacity for 2,3,7,8-tetrachlorodibenzo-p-dioxin have
been made?* using Shaub’s gaseous phase dataZ> and vapor
pressure data.?2% Some very rough assumptions concerning
the heat capacities of solid and liquid polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans have
been made by Rordorf.5

In the absence of experimental data for dibenzo-p-dioxin
(DD), polychlorinated dibenzo-p-dioxins, and polychlori-
nated dibenzofurans, some estimations are needed. Domal-
ski and Hearing?® have demonstrated that the estimation
of thermodynamic properties of condensed phases of or-
ganic compounds can be carried out in a satisfactory
manner using an additivity method developed and used
primarily for the gas phase. Due to a lack of experimental
data, Domalski and Hearing?® could not generate all group
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values needed for calculating the thermodynamic proper-
ties of DD and PCDDs. Consequently, the entropy and heat
capacity values of solid DD were estimated in this work
using an alternative procedure, referred to as “the differ-
ence method”, which is completely consistent with group
additivity. Using the experimental data for model com-
pounds,?327-29 the thermodynamic properties, namely the
enthalpy of formation, the heat capacity, and the entropy
of solid DD, can be determined from the following relation-
ships (AH° values are in kJ-mol~*, CJ and S° are in J-K™*-
mol~1):

O CH;
@j@+ 41Ca-(0)] + 2[0-(Cax) - 4[Ca—(C)]
O H,

— 2[C—(Hn(Cp)l
AH® -134.72 «— 66.4 + 4x1.00  + 2x(-96.20) — 4x13.90 - 2x(-21.44)
CZ 204.62 <« 219.06 + 4x(-029) + 2x1590 — 4x(-23.26) — 2x69.06
s 207.91 « 21897 + 4x1.59 + 2x3.14 — 4x(-5.50) - 2x22.85
480 D
SO - [OT0 - O]

] 8 ] p
AcH® -165.20 « 66.4 + 21 {-29.1) - 86.7
C: 210.82 « 219.06 + 2 [ 199.01 - 203.13
50 196.69 «~ 21897 + 196.18 207.32 )

0 - D (ﬁ‘ (I )

; s ]
AgH® -119.46 «~182.0 + 2[ 31.27 - 182.0 ]
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S° 21443 «230.89 + 29 222.66 230.89 1
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AH® -116.20 « 182.00 + 2 ( (-29.1) - 120.00

Cf, 221.59 « 220.17 + 2 [ 199.01 - 198.30 ]
5° 21485 « 230.89 + 20 196.18 — 204.20
AcH® -161.74 « (-29.1) + (-32.10) - 100.54

C: 217.18 « 199.01 + 216.56 - 198.39

5° 220.73 « 196.18 + 233.93 - 209.38
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Table 1. Experimental Investigations of Dibenzo-p-dioxin, Dibenzofuran, and Their Polychlorinated Derivatives

substance

full name short name properties? and references
dibenzo-p-dioxin DD VP,GS(30—60);35 AfH, AsupH, ArusH?
1-chlorodibenzo-p-dioxin 1-MCDD VP,GS(30—65);3° AfH, AsupH, AisHZ
2-chlorodibenzo-p-dioxin 2-MCDD VP,GS(32—75);3° AfH, AsupH, AgysH®
2,3-dichlorodibenzo-p-dioxin 2,3-DCDD VP,GS(33—101);3°% AfH, AsupH, AssH®
2,7-dichlorodibenzo-p-dioxin 2,7-DCDD VP,GS(41-101)35
2,8-dichlorodibenzo-p-dioxin 2,8-DCDD VP,GS(32—90)3°
1,3,7-trichlorodibenzo-p-dioxin 1,3,7-T3CDD VP,GS(37—100)35
1,2,4-trichlorodibenzo-p-dioxin 1,2,4-T3CDD VP,GS(37—101)35
1,3,6,8-tetrachlorodibenzo-p-dioxin 1,3,6,8-T4CDD VP,GS(unknown)?°
1,2,3,4-tetrachlorodibenzo-p-dioxin 1,2,3,4-TACDD VP,GS(60—120);3° VP,GC(90—150)°
1,2,3,7-tetrachlorodibenzo-p-dioxin 1,2,3,7-TACDD VP,GS(unknown)?°
2,3,7,8-tetrachlorodibenzo-p-dioxin 2,3,7,8-TACDD ArusH:#2 VP, GS(30—71);8 VP,GS(25)8
1,3,6,8-tetrachlorodibenzo-p-dioxin 1,3,6,8-T4CDD VP,GS(20—-100))"
1,2,3,7,8-pentachlorodibenzo-p-dioxin 1,2,3,7,8-PCDD VP,GC(90—150)°
1,2,3,4,7-pentachlorodibenzo-p-dioxin 1,2,3,4,7-PCDD VP,GS(unknown)?°

1,2,3,4,7,8-hexachlorodibenzo-p-dioxin
1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin
octachlorodibenzo-p-dioxin

dibenzofuran

3,6-dichlorodibenzofuran
2,4,8-trichlorodibenzofuran
2,3,7,8-tetrachlorodibenzofuran
1,2,3,7,8-pentachlorodibenzofuran
2,3,4,7,8-pentachlorodibenzofuran
1,2,3,4,8-pentachlorodibenzofuran
1,2,4,7,8-pentachlorodibenzofuran
1,2,3,4,7,8-hexachlorodibenzofuran
1,2,3,6,7,8-hexachlorodibenzofuran
1,2,3,7,8,9-hexachlorodibenzofuran
2,3,4,6,7,8-hexachlorodibenzofuran
1,2,4,6,7,8-hexachlorodibenzofuran
1,2,4,6,8,9-hexachlorodibenzofuran
1,2,3,4,6,7,8-heptachlorodibenzofuran
1,2,3,4,7,8,9-heptachlorodibenzofuran
1,2,3,4,6,7,9-heptachlorodibenzofuran
1,2,3,4,6,8,9-heptachlorodibenzofuran
Octaclorodibenzofuran

1,2,3,4,7,8-H6CDD
1,2,3,4,6,7,8-H7CDD
OCDD

DF

3,6-DCDF
2,4,8-T3CDF
2,3,7,8-TACDF
1,2,3,7,8-PCDF
2,3,4,7,8-PCDF
1,2,3,4,8-PCDF
1,2,4,7,8-PCDF
1,2,3,4,7,8-H6CDF
1,2,3,6,7,8-H6CDF
1,2,3,7,8,9-H6CDF
2,3,4,6,7,8-H6CDF
1,2,4,6,7,8-H6CDF
1,2,4,6,8,9-H6CDF
1,2,3,4,6,7,8-H7CDF
1,2,3,4,7,8,9-H7CDF
1,2,3,4,6,7,9-H7CDF
1,2,3,4,6,8,9-H7CDF
OCDF

VP,GS(unknown); VP,GC(90—150)°
VP,GS(unknown), VP,GC(90—150)°
VP,GS(20—100)7
VP,GS(111—201);35 VP,GC(90—150)°
VP,GS(30—60)35

VP,EM(85—330); AH, AsuoH, AwsH, Cp°(T), H(T) — H°(0)2
VP,GS(32—101)35

VP,GS(45—150)35

VP,GC(90—150)?

VP,GC(90—150)°

VP,GC(90—150)°

VP,GC(unknown)?°
VP,GS(unknown)0
VP,GS(unknown);10VP,GC(90—150)°
VP,GC(90—150)°

VP,GC(90—150)°

VP,GC(90—150)°

VP,GS(unknown)10
VP,GS(unknown)?°
VP,GS(unknown);10VP,GC(90—150)°
VP,GC(90—150)°

VP,GS(unknown)?0
VP,GS(unknown)0
VP,GS(111—-201)35

aVP,GS = vapor pressure by gas saturation method; VP,GC = vapor pressure by gas chromatographic method; VP,EM = vapor pressure
by ebulliometric measurements; temperature range is in parentheses (in °C). AH, AsupH, ArsH = enthalpies of formation, sublimation,
and melting respectively. C7 (T) = heat capacity. H°(T) — H®°(0) = enthalpy change.

Combining all estimations and taking into account

results of similar estimations for thianthrene,331 one can
obtain (—139 =+ 25) kJ-mol~1, (215 + 10) J-K~1-mol~?, and
(215 4 15) J-K~1-mol~1 for the enthalpy of formation, heat
capacity, and entropy of DD, respectively. The estimated
enthalpy of formation value is in very good agreement with
the experimental value?? (—148.7 4 4) kJ-mol~1. This leads
us to believe that the other estimations for S° and Cj are
also reliable and that real uncertainties are much less.

Using the estimated data for dibenzo-p-dioxin, experi-
mental data for dibenzofuran, and increments for chlorine
substitutions developed by Domalski and Hearing,?® stan-
dard entropies and heat capacities for all solid PCDDs and
PCDFs were estimated from the equations

S°(PCDD) = S°(DD) + nS°[Cg — (CI)] — nS°[Cg — (H)]
C3(PCDD) = C3(DD) + nC3[Cy — (CN)] — nCS[Cy — (S])
2
S°(PCDF) = SDF) + nS°[Cq — (CI)] — nS°[Cy — (H()])
C3(PCDF) = C3(DF) + nC:[Cg — (CI)] — NCY[Cy — (I-f])
(4)

where n is the number of chlorine atoms in the PCDD or
PCDF molecule;

S°[Cg — (CI)] = 43.37 J-K “mol *;
Ci[Cg — (CI)] = 33.55 J-K “*mol *

— (H)] =22.75 3-K *mol ™ ~;
S[C; — (H)] =22 Lmol™?
C;ICg — (H)] =20.13 J-K tmol™?

The estimations for entropies were used only as initial
values for the vapor pressure data treatment described
below. Final entropies were selected as a result of the
treatment.

Vapor pressure values over solid and liquid PCDDs and
PCDFs have been investigated in many studies, as pre-
sented in Table 1. Direct determinations of enthalpies of
formation, sublimation, and melting are also cited in the
table. The goal of this work was to develop a data set which
is sufficiently consistent with all of these data as well as
with the thermodynamic functions for gaseous compounds
calculated in Part 1 of this work.32

To carry out “Second and Third Law” calculations using
the vapor pressure data, some assumptions concerning the
temperature dependence of the heat capacities for the solid
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Table 2. Experimental®® and Calculated Heat Capacity
Values for the Liquid Dibenzofuran in Stable and
Subcooled (below 355 K) Regions

T Cp.i(exp) Cp.i(calc)

100{Cp,(exp) — Cp,(calc)}

K J-K"mol~t  J-KI-mol? Cp.i(exp)
298.15 237.57 235.30 0.96
300 238.51 236.18 0.98
320 248.35 245.78 1.04
340 257.81 255.44 0.92
360 266.98 265.08 0.71
380 275.90 274.61 0.47
400 284.63 283.98 0.23
420 293.21 293.11 0.03
440 301.66 302.01 —-0.12
460 310.00 310.65 —-0.21
480 318.25 319.05 —0.25
500 326.42 327.21 —-0.24
520 334.53 335.14 —0.18
540 342.59 342.87 —0.08
560 350.60 350.43 0.05
580 358.57 357.86 0.20
600 366.50 365.21 0.35
620 374.41 372.57 0.49
640 382.28 380.03 0.59
660 390.14 387.72 0.62
680 397.97 395.86 0.52
700 405.78 404.81 0.24

and liquid compounds must be made. For the solid state
we suggest a linear function of the form33

C3(T)R = C3(298.15 K)/R +
1.51n(T/K — 298.15)/(T;,J/K) (5)

where the numerical coefficient was obtained from experi-
mental data for related compounds, n is the number of
atoms in the molecule, and Ty is the melting temperature.

The heat capacities of liguid PCDDs and PCDFs were
estimated on the basis of the calculated data for gases (see
Part 1 of this work)3? and the Bondi—Rowlinson equa-
tion3435 for the difference between gaseous and liquid heat
capacities:

(CoL — Cig)/R =256 +0.436(1 — T) ' +
w[2.91+ 4.28(1 — T)**T, ' +0.296(1 — T,)"'] (6)

where T, = T/T,, T. is the critical temperature, and w is
the acentric factor.

Critical temperatures were estimated using the group
contribution technique developed by Somayajulu.3® Ad-
ditional increments for dibenzofuran (n; = 6.227, n, =
8.011) based on experimental 22 T, and P, values were
added to the Somayajulu set. The boiling points and
acentric factors as well as enthalpies of fusion were
calculated within the framework of the vapor pressure
correlation described in the next section. We used diben-
zofuran as a test of the quality of eq 6. Calculated heat
capacities for liquid dibenzofuran (T, = 924 K, o = 0.397)
are compared with experimental values in Table 2. Agree-
ment between the experimental and calculated values is
excellent.

The estimated heat capacities for liquid PCDDs are in
satisfactory agreement with the values predicted by the
additivity method,?® especially at the melting points,
despite the fact that the method relates to room temper-
ature. The conclusion is demonstrated in Table 3 for
selected compounds.

Vapor Pressure Treatment and Thermal Functions
Estimation

Rordorf® suggested a very convenient way to process

vapor pressure data which gives not only the enthalpy of

Table 3. Heat Capacity Estimations for the Liquid
PCDDs at the Melting Points

Cp(est by eq 4)

Cp(est by additive method?®)

compound J-K~1-mol—t J-K~1:mol—t
DD 305 310
1-CDD 316 324
2-CDD 313 317
23-DCDD 358 353
137-T3CDD 375 348
2378-T4CDD 438 407
OCDD 503 477

sublimation but the enthalpy of melting and boiling point.
The approach is based on the Fishtine®” formula for the
entropy and enthalpy of vaporization at the boiling point
Ty:

A,S(T,) = 1.01(36.61 + R In T,/K) + R In(1.01325) (7)

where the last term is introduced to take into account the
standard pressure P° = 1 bar, adopted in this study

AMH(T,) = 1.01T,(36.61 + R In T,/K) ®)

Using the estimated heat capacities, one obtains the
temperature dependencies of the liquid-phase vapor pres-
sures and the enthalpies and entropies of vaporization and
can therefore evaluate these parameters for the melting
point. The enthalpies and entropies of sublimation at Ty,s
are then calculated using the enthalpies of fusion from the
correlation. Experimental vapor pressure data over the
solid compound are extrapolated to the melting point,
where they equal the vapor pressure of the liquid. The
temperature (Ty,), for which the extrapolated entropy
(enthalpy) of vaporization equals the values predicted by
the Fishtine’'s formula, is thus determined together with
the enthalpy of fusion at Tys.

We used Rordorf's experimental data®® and his approach
only for the enthalpy of fusion estimation, taking into
account a more reliable assumption about heat capacities
and a “Third Law” vapor pressure data treatment. The
latter allowed us to obtain consistency between vapor
pressure data and the results of direct enthalpy of subli-
mation measurements via the variation of solid-state
entropy. We could not use vapor pressure data for some
other PCDDs and PCDFs (see Table 1) due to lack of
numerical data in ref 10.

Rordorf® presented his data in the form of equations for
vapor pressure dependence on temperature:

InP = ASIR + Ay, HRT 9)

where Ty < T < T, is the range of experimental measure-
ments.

The “Second Law” standard enthalpy of sublimation and
entropy for the solid state are calculated from the data
using the formulas

Seoig”(298.15 K) = S,,°(298.15 K) — Ay, S(Tpnia) —
[Asubs(298-15 K) - AsubS(Tmid)] (10)

AypH?(298.15 K) = Ay H(Tria) —
[AsubH(Tmid) - AsubH°(298.15 K)] (11)
where Thig = 2(T1T2)/(T1 + Tz).

Quantities in brackets are calculated using the difference
between the heat capacities of the gaseous and solid phases.
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Table 4. Results of Vapor Pressure Data Treatment

ty/°C
Ss0id(298.15 K) Asub(298.15 K) OinfH(Trus)/kJ-mol 2 Fishtine's correlation calc
substance method J-K"1-mol~t kJ-mol~t exp data this work ref 3 in this work
DD Il Law 204.8 92.9 25.7 298.5 283.5
111 Law 215.0 89.7 214 305.2
111 Law 2115 90.8 23.0 21.9,2223.25 302.3 296.1
1-CDD Il Law 237.0 99.3 25.6 335.4 315.5
111 Law 235.6 99.7 26.1 335.0
111 Law 243.6 97.0 22.9 20,20 23.25 337.9 316.6
2-CDD Il Law 237.2 98.1 23.8 335.9 316
Il Law 235.6 98.7 24.4 335.6
Il Law 238.3 97.8 234 22.1,1823.15 336.5 327.3
23-DCDD Il Law 259.3 107.5 28.8 373.9 358
111 Law 256.2 108.5 30.2 371.2
111 Law 255.4 108.9 30.7 27.119 370.9 352.1
27-DCDD Il Law 272.2 106.9 28.0 386.7 3745 384.1
111 Law 256.2 112.3 36.8 366.8
28-DCDD Il Law 259.4 110.1 26.6 398.9 382.5 396.3
111 Law 256.2 1111 28.1 396.4
137-T3CDD Il Law 282.0 117.4 31.2 30.8° 413.3 398 409.6
111 Law 276.9 119.2 335 409.7
124-T3CDD Il Law 263.8 120.1 37.2 389.8 375 393.2
111 Law 276.9 115.6 315 396.0
1234-TCDD Il Law 307.6 120.4 33.0 429.7 419 426.6
Il Law 297.5 124.0 38.1 421.9
2378-TCDD Il Law 316.7 124.6 38.9 457.8 446.5
111 Law 297.5 130.8 52.9 411.8
111 Law 312.0 127.7 41.4 38.93% 461.5 442.9
OCDD Il Law 397.8 153.3 59.6 513.0 510 502.4
111 Law 380.0 160.8 72.1 485.6
36-DCDF Il Law 231.2 112.1 37.2 32.42 358.2 357 368.4
248-T3CDF Il Law 259.1 114.4 32.0 397.0 3925 395.5
OCDF Il Law 369.5 151.9 52.4 531.0 537 528.1
a Cited in ref 3 as B. F. Rordorf, B. Nickler, and A. Geoffroy, unpublished result.
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Figure 1. Standard entropy correlation for PCDDs. 0 2 4 6 8 10

In the absence of experimental vapor pressure data we
calculated the values from eq 9 at two temperatures T
and Tax and used them for a “Third Law” treatment:

Ag,H(298.15 K) = (A,,H°(298.15 K), +
A, ,H?(298.15 K),)/2 (12)

where

Ay p,H?(298.15 K), = —RT; In P, + T, A, P(T,)
Ay p,H?(298.15 K), = —RT,In P, + T,A ,P(T,)

Chlorine substitution number
Figure 2. Standard entropy correlation for PCDFs.

and
®(T) = S(T) — (H*(T) — H°(298.15 K))/T

Assuming the uncertainties of the “Second Law” enthal-
pies of sublimation are twice those associated with direct
determination of the quantity, we fitted entropy values for
the solid phase to obtain respective average “Third Law”
enthalpies of sublimation.

The results of the data processing are presented in Table
4,
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Figure 4. Enthalpy of sublimation correlation for PCDFs.

Table 5. Estimated Critical Temperatures and Acentric
Factors

substance TJ/K w
DD 827 0.463
1-CDD 846 0.485
2-CDD 861 0.485
23-DCDD 887 0.507
27-DCDD 932 0.507
28-DCDD 950 0.507
137-T3CDD 958 0.527
124-T3CDD 935 0.527
1234-TCDD 972 0.547
2378-TCDD 995 0.547
OCDD 1041 0.625
DF23 824 0.397
36-DCDF 923 0.452
248-T3CDF 951 0.472
OCDF 1088 0.574

“Third Law” calculations were carried out twice: using
a priori estimated entropies and “adjusted” entropies as
mentioned above.

In the cases where the enthalpy of sublimation was not
determined directly, we adopted “Second Law” results with
two exceptions, namely 1,2,4-trichlorodibenzo-p-dioxin (1,2,4-
T3DD) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-

70
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Figure 5. Enthalpy of fusion correlation for PCDDs.
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Figure 6. Enthalpy of fusion correlation for PCDFs.

Table 6. Vapor Pressure log(P/bar) at 298.15 K:
Comparison of Values Evaluated in This Work and
Measured by the Gas Chromatographic Method® and
by the Gas Saturation Method?®

substance this work ref9 ref5
1,2,3,4-T4ACDD -10.2 —10.6 -10.2
1,2,3,7,8-PCDD —-115 —-11.9 —-12.2
1,2,3,4,7,8-H6CDD —12.9 —-12.9 —-13.3
1,2,3,4,6,7,8-H7CDD —-13.7 —-13.4 —-14.1
OCDD —15.0 —-14.6 —15.0

T4DD). Visual examination of the graph for vapor pressure
dependence on temperature? shows explicit irregularities
for 1,2,4-T3CDD. For the case of 2,3,7,8-T4CDD we take
into account the accurate vapor pressure data given in ref
8. To achieve consistency within the four measured vapor
pressure points in ref 6, we have to change both the
enthalpy of sublimation and the entropy for the solid phase.

All the final data adopted in the present work are
presented in bold type in Table 4. These are the values used
for the calculation of boiling temperatures (see Table 4)
and the subsequent correlations. The data for dibenzofuran
were adopted from ref 23. The obtained standard entropies
and enthalpies of sublimation and melting were correlated
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Table 9. Uncertainties of Evaluated and Predicted Thermodynamic Data Adopted in This Study

substance O(AfH) 0S°(298.15 K) 0Cp°(298.15 K) O0Cp(Ttus)solid O0Cp(Ttus)iquid O(ArusH) O0Ttus
kJ-mol~t J-K~1-mol~? J-K~1-mol~? J-Kt-mol™t  J-K™1:mol™!  kJ-mol~? K
DD 4 3 5 8 9 1 1
1-MCDD 5 3 7 9 9 1 1
2-MCDD and MCDFs 10 3 7 8 9 1 1
2,3-DCDD 7 4 7 10 11 1 1
2,7-DCDD 11 4 7 10 11 3 1
2,8-DCDD 10 4 7 10 11 3 1
other DCDDs and all DCDFs 11 6 7 10 11 4 202
1,3,7-T3CDD 12 5 8 10 11 2 1
1,2,4-T3CDD 13 5 8 10 11 4 1
other T3CDDs and all T3CDFs 14 8 8 10 11 4 252
1,2,3,4-T4CDD 16 6 8 11 12 5 1
2,3,7,8-TACDD 16 8 8 12 13 2 1
other T4CDDs and all T4CDFs 20 10 8 12 13 6 302
PCDDs and PCDFs 30 13 8 12 13 6 302
H6CDDs and H6CDFs 35 16 9 12 14 7 302
H7CDDs and H7CDFs 40 20 9 13 14 7 302
OCDD and OCDF 50 8 10 14 15 8 1

a The uncertainties of predicted melting temperatures. Uncertainties of experimental melting temperatures are 1-2 K (see 3).

with chlorine substitution for PCDDs and PCDFs as shown
in Figures 1—6, and corresponding equations have been
calculated. The equations y = f(x) are shown in these and
subsequent figures together with the correlation coef-
ficients R.

To calculate heat capacity values using eq 6, critical
temperatures and acentric factors were obtained from the
following formulas:3436

T.=T,+ T/(a; + bN,) (13)
where

a,= 1242, b,=0.138, N,=7.027 + x0.642,
and x = chlorine substitution

o = 319(1.01325P ) (T /T)/7{1 — (TJ/TJ)} — 1 (14)
where

PJ/bar = M/(a, + byN,), M = molecular weight,
a,=0.339, b,=0.226, and N,=8.721 + x1.409

One or two iterations are required to achieve consistency
of the critical parameters (see Table 5) and the correspond-
ing heat capacities with vapor pressure data and to
calculate the boiling temperatures using Fishtine's cor-
relation, as compared with the direct procedure using
adopted thermodynamic values. The boiling temperatures’
comparison in Table 4 shows that the validity of Fishtine's
correlation differs for the different compounds.

The heat capacities obtained as a result of our estima-
tions, and the vapor pressure correlation, were represented
by simple equations: for the solid (C,(T) = As + BsT/10000)
and for the liquid (Cy(T) = AL + B_T/10000). The coef-
ficients are presented in Table 7. The A_ and B coefficients
are correlated with chlorine substitution, as shown in
Figures 7—10.

Thermodynamic properties for PCDDs and PCDFs with
known melting temperatures (as cited in ref 8), calculated
using the derived correlations, are presented in Tables 7
and 8.

Melting Temperatures’ Estimation

There are 25 PCDDs and 59 PCDFs for which melting
temperatures are unknown. An estimation of the melting
temperatures for organics is somewhat complicated because

of the explicit nonadditive behavior of the property.® We
found it possible to correlate melting temperatures with
moments of inertia for PCDDs and PCDFs with the same
molecular symmetry groups. The moments of inertia (1, +
l,) were calculated using structural parameters adopted
in Part 1 of this work.3?2 Examples of the correlations are
shown in Figures 11 and 12 for the case of Cs molecular
symmetry of PCDDs and C,, molecular symmetry of
PCDFs.

Using the correlations considered, we estimated the
melting points for all of these PCDDs and PCDFs together
with other properties (see Tables 7 and 8), as outlined
above.

Enthalpies of Formation of Condensed
Compounds

The experimental values of the enthalpies of formation
are known for dibenzo-p-dioxin, dibenzofuran, 1-chloro-
dibenzo-p-dioxin, 2-chlorodibenzo-p-dioxin, and 2,3-dichlo-
rodibenzo-p-dioxin. There are some doubts®® about the
reliability of the experimental value for 2-chlorodibenzo-
p-dioxin,'® and we do not adopt this value. Enthalpies of
formation of 2-chlorodibenzo-p-dioxin and other PCDDs
and all PCDFs need to be estimated. For this purpose we
used enthalpies of formation of gaseous compounds ob-
tained in Part 1 of this work3 and experimental and
estimated enthalpies of sublimation. The adopted values
of the enthalpies of formation are presented in Tables 7
and 8.

Comparison of Vapor Pressure Data

The estimated vapor pressure data are in good agree-
ment with experimental values obtained for selected liquid
PCDDs by a gas chromatographic method® (see Table 6).
Experimental and predicted data® are presented in the
same table for comparison.

Uncertainties in the Evaluated and Predicted
Data

Most of the uncertainty is critically dependent on
uncertainties adopted for the gas-phase properties. Taking
into account these uncertainties, the following estimations
can be made.

For the enthalpies of formation (excluding DD, 1-CDD,
and 2,3-DCDD, where experimental uncertainties should
be adopted) uncertainties are determined by gas-phase
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estimation uncertainties and uncertainties in enthalpies
of sublimation. We adopted the difference between AsH
values obtained by “I11 Law” and “Il Law” treatments as a
measure of the uncertainty of the enthalpy of sublimation.
For the estimated enthalpies of sublimation for other
PCDDs and all PCDFs we adopted uncertainties of (10—
40) kJ-mol~1 depending on the chlorine substitution.

Uncertainties in entropies of solid PCDDs and PCDFs
are determined by gas-phase calculation uncertainty and
by the quality of our correlation. We adopted uncertainties
equal to that for the gas phase for those cases where vapor
pressure measurements were used and added a contribu-
tion from uncertainty of correlation (5—20) J-K~t-mol~!
depending on the chlorine substitution for other cases.

Uncertainties in heat capacities depend on the quality
of the primary estimation for DD, the group contribution
technique for solid PCDDs and PCDFs, and eq 4 for liquid
compounds. Taking into account the conclusion of ref 26
and a test for eq 6 presented above, we adopted uncertain-
ties in heat capacities of 3—5% for all PCDDs and PCDFs
in the solid and liquid states.

Adopted uncertainties in enthalpies of fusion are 1
kJ-mol~* for measured quantities and (2—5) kJ-mol~! for
predicted values.

The correlation quality of the melting temperatures is
different for different symmetry groups. A detailed exami-
nation of the various possible uncertainties in predicted
values allowed adoption of uncertainties (20—30) K for all
estimated melting temperatures.

All adopted uncertainties are presented in Table 9.
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