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ABSTRACT

An additive method is described for estimation of ideal gas thermodynamic properties
G2, 8%, —[G°~H®(OY/T, H® — H*®(0), AH*® and log K{® from 100 to 1500 K for
polycyclic aromatic hydrocarbons containing five-membered rings.

INTRODUCTION

Polycyclic aromatic hydrocarbons containing five-membered rings
(PAHFR), together with other polynuclear aromatic compounds, are of
special interest as products of coal pyrolysis processes. Few experimental
data have been reported on chemical thermodynamic properties of gas-phase
PAHFR. For two compounds, acenaphthene and fluorene, the entropy
values, S®(T), have been obtained from calorimetric measurements [1].
Less accurate values of $°(298.15 K) are known for indene and indan [2].
Gaseous heat of formation data, A H ©(298.15 K), are available for six
PAHFR, i.e. indene, indan, acenaphthylene, acenaphthene, fluorene and
fluoranthene [2,3].

Since data on thermodynamic properties (calorimetric or statistical) are
lacking for most PAHFR, methods for estimating them have been proposed.
Stein and Barton [2] have used the Benson group-additivity method [4,5] for
estimation of thermodynamic properties (S°(298.15 K) C2°(T),
A;H*(298.15 K)) of PAHFR containing indene and acenaphthylene frag-
ments. These authors have estimated the thermodynamic properties for
fluorene, acenaphthylene and fluoranthene using derived ring-group values.

* Author to whom correspondence should be addressed.

0040-6031 /90 ,/303.50 © 1990 — Elsevier Science Publishers B.V.



180

The accuracy of these entropy values is 8-12 J K~! mol ~'. Heat capacity
values are expected to be accurate to within 8 J K~! mol ™.

Rehman and Lee [6] have derived self-consistent equations for calculating
the ideal gas heat capacity, enthalpy and entropy based on formulae of
statistical mechanics. These equations have been applied to compounds
encountered in coal conversion operations. Eight parameters of these equa-
tions were determined by fitting all three equations simultaneously to the
reported experimental data. Parameters determined for C,°(T'), $°(T) and
H*®(T)~ H*®(0) allowed the thermodynamic properties between 298.15
and 1000 K for five PAHFR (indene, indan, acenaphthylene, acenaphthene,
fluorene) to be calculated. However, such equations could not be obtained
for other PAHFR due to the lacking of experimental data.

Recently, thermodynamic properties of 45 PAHFR have been calculated
by the standard statistical mechanical method using the rigid rotor—harmonic
oscillator approximation and estimated values of structural parameters and
vibrational frequencies [7]. This, together with a compilation of observed
data for enthalpy of formation [3], provides a basis for extension of the
Benson group additivity method for PAHFR. The purpose of the present
work is to obtain the group increment values for calculating the thermody-
namic properties of PAHFR over a wide temperature range. In previous
work [8], we have applied the group additivity method to the prediction of
ideal gas thermodynamic properties for polycyclic aromatic hydrocarbons
consisting of six-membered rings.

DETERMINATION OF GROUP CONTRIBUTION VALUES

Five kinds of groups for polycyclic aromatic hydrocarbons consisting of
six-membered rings have been described in detail [8). Figure 1 illustrates
these groups. New groups arise with the fusion of five- and six-membered
rings. Figure 2 presents different kinds of carbon atoms in five-membered

Fig. 1. Illustration of five kinds of carbon atoms in polycyclic aromatic hydrocarbons
consisting of six-membered rings. Dibenzo[bc, efjcoronene consists of 14 A, 6 B, 2 C, 2 D,
and 6 D, groups. To simplify this figure only the sigma bonds are shown.



—
o0
—

| o I TMagtratin
r ig. 2. Mustration of seven kinds o

Acenaphthylene (E), acenaphthene (F), indene (G),
(J. K) ring groups are shown.

in five-membered rings of PAHFR
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indan (H), fluorene (I) and fluoranthene

rings which occur most commonly in PAHFR. The E-I groups are the
carbon atoms of five-membered rings and carry one or two hydrogen atoms.
Carbon atoms common to five- and six-membered rings are considered as
atoms of six-membered rings (B, C and D groups), except for the fluo-
ranthene fragment. Fluoranthene has no carbon atoms present exclusively in
a five-membered ring. The J and K groups represent the carbon atoms
common to five- and six-membered rings and, as it will be seen below, their
values are different from values of C and D, groups for benzenoid poly-
cyclic aromatic hydrocarbons.

The groups in Figure 2 do not describe all possible PAHFR. Using these
groups, we can not describe such structures as shown below.

o, O
A5 &S
However, there are no experimental data on the thermodynamic properties
of such compounds and they are not considered in the present work.
Additivity values for A, B, C, D, and D, groups, presented in Table 1,
were assumed to be the same as for polycyclic aromatic hydrocarbons
consisting of six-membered rings only {8]. For the E, F, G, H, I, J and K
groups, S;5(298.15 K), H<(298.15 K)— H®(0) and C,°(T) values were
derived from the thermodynamic properties calculated by statistical mecha-
nics methods for PAHFR from CyHg to C;4H,, [7]. Additivity values for the
E group were based on data for 24 compounds containing the acenaphthy-
lene fragments. Additivity values for the F and G groups were based on the
data for 5 compounds with acenaphthene fragments and for 7 compounds
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Fig. 3. Benzlmnolindeno(1,7.6,5-cdef]chrysene (top), which consists of 10 A, 7 B, 2 D,, 3 D,
and 2E groups: P44 =10 A+7 B+2 D, +3 D, +2 E. Indenof1.2,3-cd]fluoranthene (bottom),
which consists of 12 A, 8§ J and 2 K groups: P ,=12 A+8J+2 K.

with indene fragments. Values of the H and 1 group contributions were
derived from the data for indan and fluorene, respectively. Data for 4
molecules with fluoranthene fragments were used for calculation of the J
and K group values. Values of the group contributions to the thermody-
namic properties were obtained by fitting thermodynamic properties calcu-

TABLE 1

Group additivity values for PAHFR

Group S$2(298.15K) ® H*®(298.15 K)— H®(0) A;H®(298.15K)
(JK 'mol™ ! (kJ mol™ ) (kJ mol™ 1)

A 49.387 2.371 11.569

B —23.189 1.072 28.858

C —22.677 1.212 17.097

D, 6.192 1.094 —2.710

D, 5.767 1.011 —2.710

E 65.300 2.347 53.211

F 71.479 3.134 1.361

G 60.805 2.532 19.803

H 65.171 3.142 —14.431

1 83.412 2.704 —1.162

J —20.007 1.801 17.097 ©

K 26.059 -1.694 76.064

? §2(298.15 K) = §°(298.15 K)+ R In(0/n), where o is the symmetry number and » is the
number of optical isomers.
P Assumed J = C.
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lated according to the additivity rules (P,y4) to thermodynamic properties
derived from statistical calculations ( P.,.) using the least-squares method,
then minimizing the sum of the squares of the absolute deviations | P, —
P, |*. Examples of expressions for P,4q are shown in Fig. 3. The average
difference between values of thermodynamic functions estimated according
to the group additivity scheme and values obtained by statistical calculation
[7]is about 1 J K™! mol ™' for §°(298.15 K) and C,®(298.15 K).

TABLE 2
Comparison of experimental and calculated entropies (in J K~ ! mol™})
T (K) Experi- Calculated
mental * Self Group additivity method
consistent Ref. 2 This AP
equations work
(Ref. 6)
CoH,, indene
298.15 336.8 336.7 - 333.6 3.2
CyH,;, indan
298.15 347.7 348.8 - 346.7 1.0
350.6 39
C,,Hy, acenaphthylene
298.15 - 361.6 364.0 357.8 -
C,,H,,, acenaphthene
298.15 - 368.8 3701 -
340 394.8 392.1 393.1 1.7
350 399.1 397.8 398.6 0.5
360 403.8 403.4 404.2 -04
366.56 407.2 407.0 407.8 —0.6
370 409.2 409.0 409.7 —-0.5
380 414.7 414.6 415.2 —-0.5
390 419.8 420.2 420.8 -1.0
400 425.8 425.8 426.3 —-0.5
410 431.5 431.4 431.8 -03
C,;H,,, fluorene
298.15 - 381.3 389.1 381.0 -
350 412.5 410.6 - 411.4 1.1
360 417.3 416.4 - 417.3 0.0
370 422.8 4221 - 423.2 -04
380 428.6 427.8 - 429.1 -0.5
387.94 433.3 4324 - 433.8 -0.5
C,sH,y, fluoranthene
298.15 — - 420.9 410.9 -

* See ref. 2 for indene and indan and ref. 1 for acenaphthene and fluorene.
® A= S5(T)- SS(T).

cale
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The E-K increments of A;H ©(298.15 K) were obtained from thermo-
chemical data reported for indene, indan, acenaphthylene, acenaphthene,
fluoranthene [3] and fluorene [2]. The values for each group were based only
on data for one compound and thus the A H ©(298.15 K) group increments
reproduce exactly the experimental values for heat of formation in the six
compounds mentioned above.

CALCULATION OF THERMODYNAMIC PROPERTIES

Using the group increment values obtained in the present work (Table 1)
and well known equations for thermodynamic functions (see eqns. (1)—(5) in
ref. 8), we can derive the thermodynamic properties C,°(T), S®(T),
—[G®(T)Y—-H®())/T, H®(T)— H®(0), A;H®(T) and log K°(T) for
temperatures from 100-1500 K for a large number of PAHFR.

Table 2 compares the entropies calculated in the present work with those
determined from calorimetric studies and estimated by other authors. Relia-
ble calorimetric entropy values are known for only two of the PAHFR
considered, i.e. acenaphthene and fluorene. As can be seen from Table 2, the
agreement between calculated and experimental entropies is close for these
compounds. As for indene and indan, the difference between estimated and
experimental values seems to fall within the uncertainties of measurement.
Experimental entropies are not available for acenaphthylene and fluorene.
Values estimated by various authors (see Table 2) agree within 10 J K™!
mol .

The uncertainties in the $°(298.15 K) and C,%(298.15 K) values have
been evaluated as 3-15 J K™ mol ™', depending upon the number of fused
rings, and uncertainties in the heat of formation can vary from 5-50 kJ
mol ™.

CONCLUSIONS

Using thermodynamic properties calculated by statistical mechanical
methods, the Benson group additivity method has been developed for
estimation of thermodynamic properties of PAHFR. Spectroscopic data
needed for calculations of ideal gas thermodynamic properties are insuffi-
ciently reliable even for such relatively simple molecules as indene, fluorene
and acenaphthene. In the present work the vibrational frequencies were
calculated using the simple force field approximation. This approximation
proved to be sufficiently reliable [7,9,10]. Obviously, the use of the estimated
thermodynamic functions instead of experimental values reduces the accu-
racy of group contribution calculations, but the method proposed may be
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useful for calculation of thermodynamic properties of PAHFR because the
experimental data are not available.

NOMENCLATURE

A, B, C, D], D2’ Es Fa

G.HILJLK notation of group for PAHFR
C° standard heat capacity at constant pressure
—[G®-H*O)/T standard Gibbs energy
H® - H*®(0) standard enthalpy
log K logarithm of the equilibrium constant
n number of optical isomers
p any thermodynamic property
S*® standard entropy
S intrinsic entropy
T temperature

Greek letters

AH® standard enthalpy of formation
o symmetry number
REFERENCES

1 H.L. Finke, J.F. Messerly, S.H. Lee, A.G. Osborn and D.R. Douslin, J. Chem. Thermo-
dyn., 9 (1977) 937.

2 S.E. Stein and B.D. Barton, Thermochim. Acta, 44 (1981) 265.

3 J.B. Pedley, R.D. Naylor and S.P. Kirby, Thermochemical Data of Organic Compounds,
Chapman and Hall, London, 2nd edn., 1986.

4 S.E. Stein, D.M. Golden and S.W. Benson, J. Phys. Chem., 81 (1977) 314.

5 R. Shaw, D.M. Golden and S.W. Benson, J. Phys. Chem., 81 (1977) 1716.

6 Z.U. Rehman and L.L. Lee, Fluid Phase Equilibria, 22 (1985) 21.

7 O.V. Dorofeeva and L.V. Gurvich, Thermodynamic Properties of Gaseous Polycyclic
Aromatic Hydrocarbons Containing Five-Membered Rings, Preprint 1-263, IVTAN,
Moscow, 1989 (in Russian).

8 N.F. Moiseeva, O.V. Dorofeeva and V.S. Jorish, Thermochim. Acta, 153 (1989) 77.

9 O.V. Dorofeeva, L.V. Gurvich and S.J. Cyvin, Thermochim. Acta, 102 (1986) 59.

10 O.V. Dorofeeva and L.V. Gurvich, Thermodynamic Properties of Polycyclic Aromatic
Hydrocarbons in the Gas Phase, Preprint 1-238, IVTAN, Moscow, 1988 (in Russian).



