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THERMODYNAMIC FUNCTIONS OF NAPHTHALENE FROM 0.25 TO 8 

ATM 

F. BENNETT. Jr. *. D.G. McFEE and J. LIELMEZS 

Depcirmer~r of Ciwniicul D~,qirwc~ring. The Utkxmiy of Rriti.sli Cdwihiu. IJmcnim~. B.C. (Cmuitiu) 

(Rcccivcd 23 June 19X1) 

ARSTRACT 

Rcol gas thermodynamic functions. C,. 5. ( fi- fI,,)/T. and - ( F- If,, )/T. have been calcul~tcd for 
naphthalcnc from 0.25 to 8 ntm within the tcmpcraturc range * 273. I5- 1200 K. correcting the krmoJ~- 
namic property ideal gas values by means of the Rerthclot equation of state. 

INTRODUCTION 

In this work, using the ideal gas state thermodynamic property values of naph- 
thalene as ob:ained by Lielmezs et al. [lj and correcting these values by means of the 

Berthelot equation of state, temperature- and pressure-dependent thermodynamic 

functions C,,, S. (H - H,)/T and -(F- H,)/T have been calculated from 0.25 to 
8 atm within the temperature range 273.15-1200 K (Table 1). 

The calculated thermodynamic function values for both of the proposed sets of 
assignments (A and B, see ref. I) have been correlated by a five constant polynomi- 
nal 

11 =a+bT+cT2 +ddT3 -I-eT4 (1) 

where A is the real gas thermodynamic function at temperature T and pressure P. 

The constants a, b, c, d and e [eqn. (l)] were obtained using linear least squares curve 
fitting methods [2] and are found in Table2. All of the assigned frequencies (both 
sets, A and B) as well as other values of molecular parameters used ** are found in 
the work of Lielmezs et al. [ 1 J_ 

* Present address: Texaco Canada Resources Ltd., Willesda~ Green, Alla.. Canada. 
l * The values of critical parameters used have been taken from ref. 4: critical tcmperaturc. 7, ~748.4 K: 

critical pressure. P, =40.0 atm. 

0040-603 l/S2/0000-0000/$02.75 Q i 982 Elsevier Scientific Publishing Company 



TABLE 1 

Heat capacity. cnthalpy and frte cncrgy functions and entropy for assignment sets A and B 

Temp. c, (Cal g -’ (ff-ffo,)/T -(F- ff,,)/T s (Gill g --’ 

(K) molt -I K-l 1 (Cal g-1 (c3l g - ’ mok ’ K - ’ ) 

mole -I :;-I ) mole -1 i-1 ) 

A B A B A I3 A n 

P=O.X am 

451.00 48.67 
522.70 54.g6 

273. I5 29.53 

291;.l5 32.a.l 

3OO.OO 32.6 I 

350.00 38.29 
4OO.OO 43.66 
450.00 48.58 
5OO.OO 53.00 
550.00 56.47 

6cwIO 60.5 I 
550.00 63.69 

700.0O 66.54 
750.00 69.11 

SoCdO 71.45 

PSO.OO 73.57 

YOO.OO 75.5 I 
950.O0 77.28 

1000.00 78.91 

1050.00 80.40 
I IOaOO XI.77 

I 150.00 83.03 

12OO.OO 84.21 

P=O.jO atm 

451.00 48.81 

522.70 54.95 

273. I5 30.17 
298. I5 32.89 

300.00 33.10 

350.00 38.60 
400.00 43.87 
450.OO 48.72 

NO.00 53.1 I 
550.00 57.05 
caHx?O 60.57 
650.00 63.73 

7OO.O5 66.58 

48.39 74.6X 24.5’ 
54.6 I 28.4 I 2x.23 

29.27 15.07 15.00 

32. I I 16.40 16.31 

32.33 16.50 16.41 

37.99 IQ.21 IQ.09 

43.36 ‘I.94 ‘1.79 

48.29 24.63 24.47 

52.74 27.25 27.0x 

56.73 29.77 29.59 

60.29 32.19 32.01 
63.49 34.4Q 34.3 I 

66.36 36.68 ;6.50 

68.95 38.76 38.57 

71.30 40.73 40.55 

73.44 42.60 42.42 

75.39 44.38 44.20 
77.17 46.06 45.89 

78.80 47.67 47.49 

80.3 I 49.19 49.02 
Xl.59 50.64 50.47 

82.96 52.02 51.86 

X4.13 53.34 53.18 

74.12 74.04 OX.81 

78.04 77.93 106.44 

64.36 64.34 7Y.43 

65.74 65.71 x2.14 

65.84 65.X1 X2.34 

6X.59 6X.54 $7.80 

71.33 71.26 93.27 

74.07 73.YY 9x.70 

76.80 76.70 104.05 

79.52 79.40 109.29 

82.21 82.08 I 14.40 
x4.w s4.73 119.37 

87.52 87.35 124.20 

90.12 PY.94 128.88 

92.68 92.50 133.41 

95.2 I CS.01 137.8 I 

97.69 97.49 142.07 
lOO.l4 99.92 146.20 

102.54 IO2.32 150.21 

104.91 104.67 154.10 
107.23 106.99 157.87 

109.5 I 109.26 161.53 
I Il.75 I I I.50 165.01) 

48.55 24.6 I 24.45 72.77 72.69 

54.70 28.36 28.IY 76.67 76.56 

29.91 14.75 14.67 63.09 63.07 

32.61 16.16 16.06 64.44 64.41 

32.81 16.26 16.17 64.54 64.5 I 

38.30 19.06 18.94 67.26 67.2 I 
43.57 21.84 21.69 69.98 69.92 

48.44 24.56 24.40 72.71 72.63 

52.85 27.20 27.02 75.44 75.34 

56.81 29.74 29.56 78.15 7X.03 
60.35 32.16 31.98 80.84 80.71 

63.54 34.47 34.28 83.5 I 83.36 

66.40 36.66 36.48 86.14 85.98 

YX.56 

106.16 

79.33 

87.02 
8’ 7 _.__ 
S7.63 
93.06 
98.45 

103.78 

10x.99 
14.08 
I Y.04 

23.85 

2x.52 
33.05 

37.43 
41.651 

145.81 

149.81 
I-53.69 
157.46 

161.1’ 
164.68 

97.38 97.14 

105.03 104.75 

77.84 77.74 

80.60 80.48 

80.80 80.68 

X6.32 X6.15 
91.82 91.61 

97.27 97.03 

102.64 102.36 

107.89 107.59 

I13.00 112.69 
117.98 I 17.65 

122.81 122.46 
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Table I (continued) 

Temp. f=p(=d ifi-’ (H-&)/T -( F-Ho)/7 S (cal g-’ 

(K) mole - ’ K - ’ ) wg-’ (4 g-’ molt-’ K-’ 1 
mole-’ K-’ 1 mole-’ K-’ ) 

A B A B A B A B 

75O.W 69.15 

800.00 71.48 

850.00 73.60 

900.00 75.53 

950.00 77.30 

1000.0 78.92 

1050.00 80.4 I 

I 100.00 81.78 

iI5O.W 83.05 

12W.W x4.21 

P= 1.0 atm 

451.00 49. IO 

522.70 55.14 

273.15 3 I .47 

29x. I5 33.X9 

3oG.00 34.07 

350.00 39.21 

400.00 44.28 

450.00 49.0 1 

500.00 53.32 

550.00 57.20 

600.00 60.69 

650.00 63.83 

7w.00 66.65 

750.00 69.2 I 
800.00 71.53 

850.00 73.64 

900.00 75.57 

950.00 77.33 

I000.00 78.95 

1050.00 80.43 

1100.00 81.80 

I 150.00 83.07 

12w.w 84.23 

P=2.0 atm 

451.00 49.67 49.39 

522.70 55.50 55.25 

273.15 34.05 33.79 

298. I5 35.88 35.59 

68.98 38.75 38.56 88.75 88.57 : 27.49 127.13 

71.33 40.72 40.54 91.31 91.12 132.03 131.66 

73.46 42.59 42.41 93.83 93.64 136.43 136.05 

75.41 44.37 44.19 96.32 96. I I 140.69 140.30 

77.19 46.06 45.88 98.76 98.55 144.82 144.43 

78.82 47.66 47.49 101.17 loo.94 148.83 148.43 

80.32 49.18 49.02 103.53 103.30 152.71 152.31 

81.70 50.64 50.47 105.85 105.61 156.49 156.08 

82.97 52.02 51.86 108.13 107.88 160.15 159.74 

84.14 53.33 53.18 110.38 110.12 163.71 163.30 

48.82 24.47 24.3 I 

54.88 28.27 28.10 

31.21 14.1 I 14.03 

33.6 I 15.67 15.57 

33.79 15.78 15.68 

38.91 18.76 18.63 

43.98 21.63 21.49 

48.73 24.42 24.25 

53.06 27.09 26.92 

56.96 29.66 29.48 

60.48 32.10 31.92 

63.63 34.42 34.24 

66.48 36.63 36.44 

69.05 38.72 38.53 

71.38 40.70 40.5 I 

73.50 42.57 42.39 

75.44 44.35 44.17 

77.22 46.04 45.87 

78.84 47.65 47.48 

80.34 49.17 49.0 1 

81.72 50.63 50.46 

82.98’ 52.0 I 51.85 

84.15 53.33 53.17 

71.44 71.35 95.9 I 95.66 

75.32 75.21 103.60 103.31 

61.92 61.90 76.03 75.93 

63.22 63.19 78.89 78.77 

63.32 63.29 79.10 78.98 

65.98 65.93 84.74 84.57 

68.67 68.61 90.3 I 90.10 

71.38 71.30 95.80 95.55 

74.09 73.99 101.19 100.92 

76.80 76.68 106.46 106.16 

79.48 79.35 I Il.59 1 11.27 

82.15 82.00 116.57 116.24 

84.78 84.62 121.40 121.36 

87.38 87.20 126.09 125.73 

89.94 89.75 130.63 130.26 

92.46 92.27 135.03 134.66 

94.95 94.74 139.30 138.91 

97.39 97.17 143.43 143.04 

99.79 99.57 147.44 147.04 

102.16 101.92 151.33 150.93 

104.48 104.23 lSS.lO 154.70 

106.76 106.51 15x.77 158.36 

109.00 108.74 162.33 161.91 

24.19 24.0~ 

28.09 27.92 

12.83 12.75 

14.68 14.54 

70.15 70.07 94.34 94.09 

74,w 73.89 102.10 101.81 

60.96 60.94 73.79 73.69 

62.17 62.14 76.85 76.73 
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Table 1 (continued) 

Temp. c&alg-’ ( fi- &l/T -(F- H,);T s (Cd g - ’ 

WI mole-’ K-l 1 (Cal g - ’ (Cal g-1 mole -1 K-i 
) 

mole - ’ K - ’ ) molt -I K-1 1 

A . B A B A B A I3 

300.00 36.02 35.74 14.81 14.72 62.26 62.23 77.07 76.95 

350.00 40.44 40.14 18.15 18.03 64.80 64.75 82.95 X2.78. 

4OO.ti 45.10 44.80 21.23 21.0s 67.43 67.36 X8.65 xs.44 

450.00 49.59 49.30 24.13 23.97 70.10 70.0 I 94.23 93.98 

500.00 53.74 53.48 26.89 26.72 72.78 72.68 99.67 Y 9.40 

550.00 57.52 57.28 29.?0 29.33 75.47 75.35 104.97 104.6X 

600.00 60.94 60.72 31.9s 31.80 78.14 7x.01 110.13 109.81 

650.00 64.02 63.82 34.33 34.15 X0.80 80.65 115.13 114.79 

700.00 66.8 I 66.63 36.55 36.37 83.42 83.26 I 19.98 I 19.63 

750.00 69.33 69.17 38.66 38.47 86.02 85.84 124.67 124.31 

8OO.ao 71.63 71.48 40.65 40.46 88.58 88.39 129.22 IX85 

S50.00 73.72 73.59 42.53 42.35 91.10 90.90 133.63 133.25 

900.00 75.64 75.5 1 44.32 44.14 93.58 93.37 137.90 137.51 

950.00 77.39 77.28 46.0 I 45.84 96.02 95.80 142.03 141.64 

1000.00 79.00 78.90 47.62 47.45 98.4’ 98.20 146.05 145.65 

1050.00 XO.4U 80.38 49.15 48.99 100.78 100.55 149.94 149.53 

1100.00 81.84 81.75 50.61 50.44 103.10 102.86 153.71 153.31 

1150.00 53.10 83.02 51.99 51.83 105.38 105.14 157.38 156.97 

1’00.00 84.26 84.18 53.32 53.16 107.63 107.37 160.94 160.53 

P=4.0 ntm 

451.00 

522.70 

273.15 

298. I5 

300.00 

350.00 

400.00 

450.00 

500.00 

550.00 

600.00 

650.00 

700.00 

750.00 

800.00 

sso.iM 

900.00 

950.00 

1000.00 

1050.00 

1100.00 

50.82 

56.24 

39.23 

39.85 

39.93 

42.90 

46.75 

50.74 

54.59 

58.16 

61.43 

64.4 1 

67.12 

69.55 

71.84 

73.90 

75.78 

77.51 

79. I I 

80.57 

81.92 

50.54 23.63 23.46 68.95 68.87 92.58 92.33 

55.99 27.73 27.56 72.74 72.63 100.47 lOO.IY 

38.97 10.26 10.18 60.43 60.41 70.69 70.59 

39.57 12.71 12.62 61.44 61.41 74.15 74.02 

39.65 12.88 12.78 61.52 61.49 74.39 74.27 

42.60 16.94 16.81 63.82 63.77 80.75 80.58 

46.45 20.42 20.27 66.3 1 66.25 86.73 86.52 

50.46 23.57 23.40 68.90 68.82 92.46 92.22 

54.32 26.48 26.31 71.53 71.43 98.0 I 97.74 

57.92 29.20 29.02 74.19 74.07 103.38 103.09 

61.21 31.75 31.57 76.84 76.70 108.59 108.27 

64.21 34.15 33.96 79.47 79.33 113.62 113.29 

66.94 36.41 36.22 82.09 g1.93 1 i 8.50 118.15 

69.42 38.54 38.35 84.67 84.50 123.21 122.85 

71.69 40.55 40.37 87.23 87.04 127.78 127.41 

73.76 42.45 42.27 89.74 89.54 132.19 131.82 

75.66 44.25 44.07 92.22 92.01 136.47 136.09 

77.40 45% 45.78 94.66 94.44 140.62 140.22 

79.00 47.58 47.40 97.06 96.83 144.63 144.24 

80.48 49. I 1 48.95 99.42 99.18 148.53 148.13 

81.83 50.57 50.4 1 101.73 101.49 152.31 151.90 
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Table I (continued) 

Temp. CP (Cal g-1 (If-ff,,)/T -(F- H,,l/T s (cd g - ’ 
6) mole - ’ K - ’ ) (cd g - ’ (cd g - ’ mole-’ K-’ 1 

mole-’ K-’ 1 mole-’ K-’ 1 

A B A B A B A B 

1150.00 x3.17 

1200.00 X4.32 

Pz8.0 atnl 

4s1.00 53.12 

522.70 57.72 
273. I5 49.57 
298. is 47.81 

300.00 47.74 

350.00 47.82 

4oO.00 50.04 

4so.00 53.06 

500.00 56.27 

550.00 59.42 

600.00 62.40 
6SO.00 65.17 

7OO.00 67.73 

750.00 70.08 
x00.00 72.25 

850.00 74.24 
900.00 76.07 
950.00 77.76 

1cuo.00 79.32 

lOSO. 80.75 
1100.00 X2.08 
I 150.00 83.3 1 
1200.00 84.44 

83.09 5 I .96 51.80 104.01 103.76 155.98 155.57 

84.25 53.29 53.13 106.25 106.00 159.54 159.13 

52.84 22.50 22.34 67.93 67.85 90.43 9Q.19 

57.47 27.02 26.84 71.59 71.48 98.60 98.32 
49.3 1 5.12 5.05 60.74 60.72 65.86 65.76 
47.53 8.77 8.67 61.35 61.32 70. I2 69.99 

47.46 9.01 8.91 61.41 61.38 70.4 I 70.29 

47.52 14.5 I 14.38 63.23 63.18 77.74 77.57 

49.75 i8.80 18.65 65.46 65.39 x4.25 84.04 

52.78 22.43 22.27 67.88 67.40 90.32 90.07 

56.0 I 25.66 25.48 70.42 70.32 96.07 95.80 

59.18 28.58 28.40 73.00 72.88 101.5K 101.29 

62.18 31.28 31.09 75.6 1 75.47 106.88 106.57 

64.97 33.78 33.59 78.2 I 78.06 I Il.99 I I I .66 

67.55 36.12 35.93 80 so 80.64 116.91 116.57 

69.92 38.30 38.12 83.37 83.19 121.67 121.3! 

72.10 40.36 40.17 85.90 85.72 126.26 125.89 

74. IO 42.29 42. I I 8?.41 88.2 I 130.70 130.32 

75.95 44.12 43.94 90.8X 90.67 135.00 134.61 
77.65 45.85 45.67 93.3 I 93.09 139.16 138.77 

79.2 1 47.48 47.3 I 95.70 95.48 143.19 142.79 

80.66 49.03 48.86 98.06 97.82 147.09 146.69 
81.99 50.50 50.34 100.37 100.13 150.88 150.47 

u3.23 51.90 51.74 102.65 102.40 154.55 154.14 

84.37 53.24 53.08 104.89 104.63 158.12 157.71 

DISCUSSION 

For real fluids, the non-vanishing molecular size, intermolecular potential fields 
and molecular motions (chiefly vibrational and rotational modes of motion) contrib- 
ute greatly to deviations from the ideal gas law 

PV= RT (2) 

for one mole of gas. 
Assuming that these interactions can be principally described by the molecular 
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van der WaaIs forces. then for low pressures and sufficiently high temperatures it is 
possible to approximate this fluid behavior by the second term virial expression of 

eqn. (2) as 

PV= RT+ BT (3) 

where B = B(T) and is the second virial coeffictent. While on one hand the second 
virial coefficient temperature dependency could be obtained through the choice of a 
reasonable intermolecular potential function (for instance. Lennard-Jones), it is felt 

to be more advantageous to express this temperature dependency in terms of 
corresponding states. Noting the successful application of the Berthelot state equa- 
tion to tluorobenzene thermodynamic property caIculation [3], this simple, two 

constant equation of state was used also for this work. Indeed, the second virial 
cocfficicnt [eqn. (3)] may be expressed through Berthelot’s equation of state as 

where the gas constant R = 82.06 cm3 atm K-’ and the other entities are in 

compatible units. The differences between the ideal gas thermodynamic functions 
(Table 2) and the Berthelot fiuid properties, valid for Iuw to moderate pressures up 

to 8 atm. can be obtained through the application of the following equation set (5) 
which connects P-V-T properties of the gas to the desired thermodynamic func- 

tions. 

Combining eqns. (3)-(5. we arrive at eqns. (6)-(8). yeilding the Berthelot fluid 
deviation from the ideal gas state given at I atm pressure 

P+RlnP 

(6) 

(7) 

(8) 

where the term R In P in eqn. (8) is a correction which must be added to obtain the 

ideal gas entropy at pressure P provided that this correction has not already been 

included in the ideal gas So expression. It should be noted that for P = 1 atm, 
R lnP=O. 

The thermodynamic functions presented (Table I) have been obtained using these 

different equations [eqns. (6)-(8)]. 
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ACCURACY 

Lielmezs et al. [l] have already discussed in detail the accuracy and the range of 
reliability of the calculated thermodynamic functions for naphthalene. They criti- 

cally compared the results obtained with available experimental and calculated data. 

They chiefly considered four types of error: mathematical errors due to the round-off 

in the computer; errors in bond lengths, bond angles and in geometrical asymmetry 
of the molecule; errors in frequency assignments such as an improper analysis, liquid 

state frequency shifts; and errors due to the inapplicability of the basic assumptions, 
for instance, the anharmonicity. Lielmezs et al. [l] concluded that for naphthalene 

the calculated ideal gas state thermodynamic function’s (both assignment sets A and 
B) uncertainties should be well within the ?0.5% variation up to temperatures of 
1000 K. 

The calculation of real gas thermodynamic properties additionally, however, 

involves [eqns. (4), (6)-(8)] the knowledge of the critical state: the critical pressure 
P,. and the critical temperature T,. For naphthalene, the values of the critical 
parameters [4] are fairly secure. It is expected that the overall error for the calculated 
real gas values should be within the -t 1.0% range. Indirectly, this estimate is 

supported by the work of Butler 2nd Lielmezs [3] who showed that. for fluoroben- 
zene. the calculated Berthelot gas heat capacities did fit the experimental data of 

Scott et al. [5] over a pressure range O-25-10 atm. 
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NOMENCLATURE 

B 

CP 
e.u. 
-(F-%,)/T 
(N-W/T 
P 
R 
s 
T 
V 

= second virial coefficient, cm3 mole-’ 
= heat capacity, cal g - ’ K - ’ 

= entropy unit, cal g-t mole-’ K-’ 

= free energy function, cal g -’ mole-’ K - ’ 
= enthalpy function 
= pressure, atm 

= universal gas constant 
= entropy, e-u. 

= temperature, K 
= volume, cm3 g --I mole-’ 
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Superscript 
0 =reference state referring to the hypothetical state of an ideal gas 

at 1 atm. 

Subscript 

C 

P 

= critical state 
= pressure 
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