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ABSTRACT

Real gas thermodynamic functions, C,, S, (H — Hy)|T, and — (F — H,)T,
have been calculated for a-halonaphthalenes (C,,H,X, where X = F, Cl, Br, I)
from 0.25 to 16 atm within the temperature range of 273.15 to 1200 K correcting the
thermodynamic property ideal gas values by means of the Berthelot equation of state.

INTRODUCTION

In previous work, McFee and Lielmezs' have calculated the thermodynamic
functions of naphthalene and 11 halogenated naphthalenes in the ideal gas state
from 273.15 to 1200 K at 1 atm pressure. In this work, using the ideal gas state
thermodynamic property values of a-halonaphthalenes (z-C;H,X, X = F, Br, CL, 1)
as obtained by McFee and Lielmezs!, and correcting these values by means of the
Berthelot equation of state, the real gas thermodynamic properties of the four x-
halonaphthalenes have been calculated from 0.25 to 16 atm within the tcmperature
range of 273.15 to 1200 K. (Table 1).

The results presented in Table 1 were fitted to five constant polynominal of the
form:

A=a + bT+ ¢T? + dT? + T* )

where A is the real gas thermodynamic function at temperature T (K). The coastants
a, b, c, d and e (Equation 1) were obtained using linear least squares curve fitting
methods? and are found in Table 2. The molecular structural data needed for thermo-
dynamic function calculations are found in Table 3.

DISCUSSION

It is well known that at high pressures and low temperatures intermc!_ecﬁlar
force effects may contribute greatly to devxatxons from the i1deal gas law:

PV = RT _ ' @

* Present address: Northwood Pulp, Prince George, British Columbia.
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TABLE 1
HEAT CAPACITY, ENTHALPY AND FREE ENERGY FUNCTIONS AND ENTROPY
Temp.  a-Fluoronaphrhalere a-Chloronaphthalens
(X) Cp (H—-Ho))T —(F—Ho)iT § Cp - (H—Ho)J]T ~(F~Ho)T S
(cal mol—- (cal mol! (cal mol-1 (cal mol-! (cal mol' (cal mol-! (cal mol-* (cal
K- K-1) K- K1) K1Y K-1) K1) mol-1
K-1)
P =025am
451.00 51.60 27.05 80.51 107.53 52.47 27.98 82.88 110.86
52270 57.63 30.82 8477 115.59 58.36 31.76 8728 119.04
27315 3268 16.94 69.67 86.61 3412 17.79 71.58 89.37
208.15 35.56 18.38 71.22 89.59 36.88 19.27 7320 92.47
300.00 35.77 18.48 71.53 89.81 37.08 19.38 73.32 92.70
35000 41.41 21.36 74.40 9576 42.54 2230 76.53 98.83
40000 4669 2420 77.45 101.63 47.68 25.16 79.69 104.85
45000 51.51 2697 80.45 107.42 5238 27.93 82.82 110.74
500.00 55.82 29.65 83435 113.07 56.60 30.59 85.90 11649
55000 59.68 3220 86.37 118.58 60.36 33.12 83.93 122.06
60000 63.11 3464 8928 123.92 372 3554 91.92 127.46
65000 66.17 36.95 92 14 129.09 66,12 57.82 94.86 132.68
700.00 6892 39.14 94.96 134.10 69.41 39.99 97.74 137.72
75000 7139 41.21 97.73 13894 71.84 4203 100.57 142.60
800.00 73.62 43.16 10046 143.62 74.02 4396 103.34 147.31
85000 75.64 4501 103.13 148.14 76.01 45.79 106.06 151.85
90000 7748 46.77 105.75 152.52 77.82 47.52 108.73 156.25
950.00 79.16 48.43 108.33 15675 79.46 49.16 111.34 160.50
1000.00 80.69 50.00 110.85 160.85 8097 5071 113.91 164.62
105000 8209 51.50 113.33 164.83 82.35 52.19 116.42 168.60
1100.00 8338 5292 115.76 168.68 83.62 53.59 118.88 172.46
1150.00 84.57 54.27 118.14 172.41 84.79 5492 121.29 17621
1200.00 85.66 55.56 12048 176.03 85.87 56.19 123.65 179.84
P = 050 arm
451.00 51.74 2695 79.15 105.11 52.66 27.88 81.53 10942
5270 57.72 30.78 83.41 114.18 58.49 31.69 8592 117.62
273.15 33.34 16.61 63.40 85.01 35.00 17.35 70.35 87.69
298.15 36.07 18.13 69.92 88.05 37.56 18.94 71.93 90.37
300.00 3627 1824 70.03 88.27 37.75 19.05 72.05 91.10
350.00 4172 21.20 75.07 9427 4296 2210 75.22 97.31
40000 46950 24.10 76.09 100.19 4797 25.02 78.36 103.38
45000 51.65 2790 79.09 105.99 5258 27.83 81.47 109.30
50000 5593 29.59 8207 111.66 56.74 30.52 8454 11506
550.00 59.76 32.16 85.01 117.17 60.47 33.07 87.57 120.65
60000 63.17 34.61 87.91 122.52 63.81 35.50 9056 126.05
65000 6622 3693 90.77 127.70 66.79 37.79 93.49 131.28
700.00 6896 39.12 9395 132.71 6947 39.96 96.37 . 136.33
750.00 7142 41.19 96.36 137.55 71.88 4201 9920 141.21
800.00 73.64 43.15 99.08 14223 74.06 4395 10197 14592
85000 75.66 45.00 101.76 146.76 76.04 4578 104.69 150.47
900.00 77.50 46.76 10438 151.14 77.84 47.51 107.36 154.86
950.00 79.17 48.42 10695 155.37 79.48 49.15 10997 159.12
1000.00 80.70 5000 109.47 159.47 80.99 50.70 112,53 16323
1050.00 82.11 51.49 111.95 163.44 82.37 52.18 115.04 167.22
110000 8339 5291 114.38 167.29 83.64 53.58 117.50 171.08
115000 8458 5427 1i6.76 171.03 8440 5491 11991 174.82

1200.00 85.67 5555 119.10 174.65 8588 5618 12228 178.46




u-Bromonaphthalene a-lTodonaphthalens

Cy (H—H)IT —(F—Hd)T S Cp (H—Ho))T ~(F—Ho)T S

{cal mol-t  {cal mol* (col mol— (cal mol—2 (cal mot-1  (cal mol~1 (cal mol-1 {cal mol-1
K1) k7 k) K 'S k0 K3 )
5281 28 58 85.50 11408 §3.05 2895 8753 116.49
58.63 3232 89.99 12230 58.82 32.66 9207 124.74
34.76 18.48 T3.87 9235 3525 18.88 75.71 94 58
3746 19.96 7555 95.51 37.88 20.36 77.42 97.78
37.66 20.06 75.68 95.74 3808 2047 T7.55 98.02
43.02 2296 78.99 10195 43.35 23348 8092 10329
4808 25.79 82.24 108.03 438.35 26.18 .23 110.50
5272 28.53 8344 113.57 5294 28.50 87.57 11637
56.89 31.16 88.58 119.74 57.08 31.52 90.65 12217
60.62 33.67 91.67 12534 60.79 32.01 93.77 1272.78
63.94 36.06 94.70 130.76 64.09 36.38 96.83 133.22
66.92 38.32 97.68 136.00 67.05 338.63 99.83 138.47
£0.50 ELETS 100.60 141 06 6971 4076 10278 143,53
71.99 4248 103.46 14594 72.10 4277 105.66 14843
74.16 44.40 10626 150.66 7426 44.67 108.48 153.15
76.14 4621 165.01 1552 7622 - 4647 11124 157.71
7193 4792 111.70 159.62 78.01 48.17 113.95 162,12
79.57 49.54 114.33 163 .87 79.64 49.79 116.59 166.38
81.07 51.08 11691 168.00 81.14 51.32 119.19 170.51
8244 52.54 11944 171.58 8250 52.77 121,73 174.50
83,11 2393 12192 2 42.8D 83./6 >4.1> 12321 11836
84.87 5525 124.34 179.60 8492 5546 126.65 182.11
8594 56.51 12672 18323 85.99 56,71 129.04 185.75
53.00 28.49 84.15 11264 5326 28.84 86.19 11503
58.76 32325 88.63 120.88 5897 3259 90.72 123.31
35.65 1803 7264 90.67 3630 18.36 7450 92 86
38.15 19.61 7429 93.90 38.69 19.96 76.18 9%6.14
3834 19.73 74.41 94.14 38.87 20.08 7630 96.38
4345 275 77.68 100.43 43 85 23.12 79.63 102.74
48.37 25.65 8051 10656 48.65 2501 8250 iG8 52
5292 2843 8409 11252 53.18 28.78 86.13 11491
57.04 31.09 87 11833 5725 3143 89.30 12073
60.73 33.62 90.31 123.93 60.92 33.95 9241 12636
64.03 36.02 9334 12935 64.19 36.34 9547 131.81
66.99 3829 96.31 134,60 67,13 3g.592 9247 13706
69.64 40.43 99.23 139.66 6. 717 20.73 101.41 142 14
7203 4246 102.09 14455 7215 4274 10429 14703
7420 4433 104.89 14927 7430 44.65 107.11 151.76
76.17 46.19 107.63 15383 7626 46.45 109.87 15632
7796 4791 11032 15823 78.04 48.16 112 57 160.73
79.59 4953 112.96 162.49 79.67 49.78 11522 165.00
81.09 5107 11554 166.61 §1.16 5131 117.8} 169.12
8246 52.54 113.06 170.60 82,52 5276 120.35 173.11
3372 53.93 12054 17447 83.78 54.14 12284 17698
84.88 5525 12297 17821 8454 5546 . 12527 180.73
8595 56.50 12535 181.85 86.00 56.71 . 127.66 18437

{ Cnoss
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TABLE 1 (continued)

Temp. a-Fluoronaphtkalene a-Chloronaphthalene
(K) Cs (H—Ho)iT —(F—Ho)iT S C»r (H—Ho)JT —(F—Ho}|T S
(cal mol-} (cal mol-! (cal mol-! {cal mol? {cal mol-! (cal mol-' (cal mol! {cal
K-1) X-1) K-1) K-1) K-1) K-1) K- mol-1
K1)
P = 1.00 atm
45100 5204 2681 77.82 104.63 5306 2769 22 10791
S 70 5791 30.68 8206 11274 58.74 31.57 84.59 116.16
273.15 31.67 1395 6724 83.19 36.77 16.47 6926 8573
298.15 3708 1762 68.71 86.33 3892 18.26 70.78 89.04
30000 37.27 17.74 68.82 86.56 39.09 18.39 70.89 89.28
35000 4235 20.89 71.19 9269 43.80 21.68 7398 95.66
30000 4733 23.89 74.78 98.67 48.53 24.74 77.07 101.82
45000 5195 2675 71.76 104.51 5297 27.64 80.16 107.79
50000 56.15 29.49 80.72 11021 5703 3038 83.21 113.59
55000 5992 32.09 83.65 115.712 60.69 3297 8623 11920
60000 63.30 3455 86.55 121.10 63.97 3542 89.20 124.62
63000 6632 36.88 89.41 12629 6692 37.73 92.13 129.86
70000 €9.04 39.08 9233 13130 69.57 3991 95.01 13492
7300G 7148 41.16 94.99 136.15 71.96 4197 97.83 139.80
30000 73.70 43.13 9771 14084 74.13 4391 100.60 14452
85000 7571 4498 10038 14537 76.10 45.75 103.32 149.07
90000 77.53 46.74 103.00 149.75 T1.89 4749 10599 153.47
95000 79.20 43431 105.58 155.98 79.53 49.13 108.60 157.73
100000 80.73 4999 108.10 158.09 8103 50.65 111.16 161.84
105000 8213 51.48 110.58 162.06 8240 5217 113.67 165.83
110000 83.4 5291 113.00 16591 83.66 53.57 116.13 169.65
112000 84.60 26 115.39 169.64 84.85 54.90 11854 175.44
120000 8569 55.55 117.72 17327 8550 56.17 120.90 17707
= 200 atm
451.00 5262 26.52 76.53 103.06 5384 27.31 78.96 10627
52270 35829 3050 80.74 11124 5924 31.32 8329 114.61
275.15 3131 14.64 66.29 80.93 40.31 14.71 68.46 83.17
29815 39.12 16.61 67.66 8428 41.64 1691 69.84 86.75
300.00 39.26 16.75 67.76 84.52 41.76 17.06 69.95 87.01
35000 43.61 20.27 70.62 90.89 4549 20.85 72.87 93.72
40000 48.17 2348 73.54 9701 49.66 24.19 75.88 100.06
5000 52.5% 2647 76.47 10294 53.76 2725 78.90 106.15
500.00 56.58 2928 7941 108.69 57.61 30.09 81.92 112.02
550.00 6024 3193 8233 11425 61.12 3276 8492 117.67
60000 63.54 3143 85.21 119.64 64.31 3526 87.88 123.13
65000 6652 36.78 88.06 12485 67.18 37.60 90.79 128.39
70000 69.19 39.01 9087 129.88 69.78 39.81 93.66 133.47
75000 71.61 4110 93.63 134.73 72.14 41.89 96.48 138.37
80000 73.20 4308 96.35 13943 74227 4385 9925 143.09
85000 7579 2494 99.02 14396 7621 45.69 101.96 14765
S00.00 77.6i} 46.71 101.64 14834 7799 4744 1c4.62 15206
950.00 79.27 48.38 104.21 152.59 79.61 45.09 107.23 15632
1000.00 80.78 49.96 i06.73 156.69 81.10 50.65 109.79 16044
105000 2218 S1.46 10920 160.67 8246 5214 11230 164.43
110000 83.46 52.89 111.63 164.52 83.72 5354 114.75 16330
115000 8163 5424 11401 16826 8488 5488 117.16 17205
120000 3572 5553 11635 17188 8594 56.15 119.53 17568
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a-Bromonraphthalene a-lodonaphthalene

Cs (H—Hd)]T —(F—Ho)IT S Cs (H—Ho)IT —~(F—Ho)/T S

(cal mol-* (cal mol-t (cal mol-1 (cal mol-1 {cal mol' (col mol (cal mol-} (cal mol-1
K1) K" K K K1) X-1) K1) K
53.40 28.29 8284 111.13 53.73 28.61 84.89 11350
59.02 32.13 8729 119.42 5927 3244 £9.39 121.83
37.45 17.14 7156 88.70 38.40 17.31 73.47 90.78
39.53 18.93 73.13 92.06 40.31 19.16 75.06 94.22
39.69 19.06 7325 92.51 40.46 19.29 75.18 94.47
4430 22133 76.44 98.77 4485 262 7841 101.03
48.94 25.37 79.62 104.99 49.36 25.68 81.63 107.31
53.32 2823 8278 111.01 53.65 28.55 8483 113.38
57.33 30.95 85.89 116.84 57.60 31.26 87.98 119.24
60.95 33.5% 88.96 122.47 61.17 33.82 91.08 12490
64.20 35.94 91.98 127.92 64.39 36.24 94.12 130.36
67.12 38.22 94.95 133.18 67.29 38.52 97.12 135.63
69.75 40.38 97.86 138.25 69.89 20.67 100.05 140.72
72.12 4242 100.72 143.14 7225 4270 10292 145.62
7427 4435 103.52 147.87 7439 44.61 105.74 15035
7623 46.16 10626 152.43 7633 46.42 108.50 15492
78.01 47.88 108.S5 156.84 78.10 48.13 111.20 15934
79.63 49.51 111.58 161.i0 79.72 49.75 113.85 163.60
81.12 51.06 114.16 16522 8120 5129 116.44 167.73
8249 52.52 116.69 156921 82.56 5274 118.98 171.72
83.75 5391 119.17 173.08 83.81 54.13 121.46 175.59
84.90 55.2% 121.59 176.83 84.96 35.43 123.90 179.35
8597 56.49 12397 180.47 86.03 56.70 12629 18298
5420 27.90 81.59 109.49 54.67 28.15 83.66 111.81
59.53 31.88 8599 117.87 5987 32.15 83.11 12026
41.04 15.36 70.77 86.12 4262 15.21 72.78 87.99
4229 17.56 7221 89.77 43.55 17.55 7422 91.76
42,40 17.71 72.32 90.03 43.64 17.71 74.33 92.03
46.00 21.49 75.34 96.82 46.85 21.63 77.36 98.99
50.08 24.80 78.43 10323 50.70 25.02 80.47 105.49
54.12 27.84 81.53 109.37 54.59 28.09 83.60 111.69
5791 30.66 84.61 11527 5828 3093 86.71 117.63
61.39 33.30 87.65 120.95 61.69 33.57 89.78 123.25
64.54 35.77 90.66 126.43 64.79 36.04 92 81 128.85
67.39 38.10 93.61 131.71 67.60 38.37 95.78 134.15
69.96 4028 96.52 136.80 70.15 40.55 98.71 13926
229 4234 99.37 141.71 7245 42.60 101.58 144.18
7341 4428 10216 14643 74.55 44.53 104.39 14892
7634 4611 104.90 151.01 76.47 4635 107.14 153.50
78.11 47.84 10759 15543 7822 48.08 109.84 15792
19.72 49.47 110.22 159.69 79.82 49.71 11249 162.19
81.20 51.02 112.80 163.82 8129 5i25 115.07 166.32
82.55 5245 11532 167.82 8263 5271 117.61 17032
83.80 53.89 117.80 171.68 83.88 54.10 120.10 . 17420
84.95 5521 120.22 17544 85.02 5542 12253 17795
86.01 5648 122.60 179.07 86.08 56.68 12401 181.59.

{ Continued on p. 44)
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TABLE 1 (contirued)

Temp. Flzmmmplulmltm a-Chloronaphthalene
(X) (H—H)!T —(F—H)|T S C» (H—Ho)[T —{(F—Ho)/T S
(ml mol-! (cal mol! (cal mol! (cal mol!  (cal mol! (eal mol! (cal mol-1 (cal
K-y K- K1 K1) K- K- K- mol-}
K
P = £.00 atrm
451.00 53.80 2595 75.34 10129 55.41 26.53 77.84 10437
5270 59.04 30.13 7947 109.61 6025 30.83 3207 11290
273.15 4260 1202 65.78 71.719 47.39 11.20 6323 7943
298.15 43.18 14.60 66.94 81.54 47.68 14.21 69.35 83.56
30000 4326 14.78 6703 81.81 47.10 1441 69.44 85.85
35000 4612 19.03 69.64 88.67 48.85 19.18 7204 91. 22
40000 49385 2265 7242 95.07 5191 23.08 74.86 9793
45000 53.72 2589 7528 101.17 5535 26.47 77.78 104.25
50000 57.4% 2886 78.16 107.02 58.76 29.53 80.73 11025
55000 60.89 31.62 81.05 112.66 6199 32.33 83.67 116.01
60000 6104 34.19 83.91 118.10 6498 3493 86.60 121.53
65000 6691 36.60 86.74 12334 67.71 3735 89.49 126.84
70C.00 69.51 38.86 89.54 128.39 70.20 39.61 92.3% 131.95
75000 71.87 40.98 92.29 *33.27 7248 41.73 93.15 136.87
800.00 73.01 4298 95.00 137.98 74.55 43.71 97.91 141.62
850.00 7597 4486 97.66 15252 76.45 45.58 100.61 146.20
900.00 77.76 46.64 100.28 146.92 78.15 47.35 103.27 150.62
95000 79.39 48.32 102.84 151.17 79.78 49.01 105.87 154.89
1000.00 80.89 49.91 105.36 15528 81.24 50.59 108.43 158.02
105000 8227 5142 107.84 15926 8259 5208 11693 163.01
110000 8354 5285 11026 163.11 83.83 53.50 113.39 166.89
115000 84.70 5421 1i2.64 166.85 84.97 5484 115.80 170.64
120000 8578 55.51 114.98 17048 86.03 56.12 118.16 17428
== 8.00 atm
451.00 56.15 24.80 7433 99.13 58.56 24.99 76.96 101.54
52270 €0.55 29.40 78.33 1072.73 6227 29.84 81.00 110.85
273.15 53.18 6.77 66.12 7289 61.54 4.16 69.17 7334
298.15 5132 10.57 66.88 7145 5197 8.81 69.75 78.56
300.00 51.24 10.82 66.95 77.77 57.78 9.11 69.80 78.92
350.00 51.15 1655 69.07 85.62 55.58 15.85 71.75 87.60
40000 5322 2099 71.58 92.57 5642 2085 7420 95.06
45000 5609 2473 74.27 99.00 58.51 2491 76.90 101.81
500.00 59.17 28.02 77.05 105.07 61.07 28.40 79.71 108.11
550.00 &2.19 3099 79.86 110.85 63.72 31.49 8256 11405
60000 6504 33.71 82.68 116.39 66.31 34.28 85.42 119.71
650.00 67.69 362 85.48 121.70 68.76 36.84 88.27 125.11
70000 70.14 38.56 88.25 120.81 71.04 3921 91.09 130.29
75000 7238 40.74 90.98 131.72 73.16 41.40 93.87 135.27
800.00 74.43 42.78 93.68 136.46 75.12 4345 96.61 140.05
850.00 76.32 44.70 96.33 141.03 76.92 4536 99.30 144.66
90C 00 7805 46.51 9394 14544 78.58 47.16 10194 149.11
95000 79.6% 21 101.50 149.71 80.12 4886 104.54 153.40
100000 81.11 49382 104.01 15383 81.53 50.46 107.09 157.54
105000 8246 5134 106.48 157.82 8284 51.97 109.59 161.55
1100.00 83.70 52.78 108.90 161.68 3404 53.40 11204 165.44
115000 8485 5415 11128 16543 85.16 5476 114.44 16920

120000 8591 55.45 113.61 169.06 86.19 56.04 115.80 172.34
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a-Bromonaphthalene a-lodonaphthalene

Cso (H—Ho)T —(F—HoT S Cs (H—Ho)|T —(F—Ho)T S

(cal mol-t (cal mol-* (cal mol-1 (cal mol! (cal mol* (cal mol-X* (cal mol-1 (cal mol—1
K1) K-y K1) K- K-t K-1) K-Y) K)
55.80 27.11 80.46 107.58 56.543 27.23 82.58 109.81
60.55 31.38 8478 116.15 61.07 31.56 86.92 118.48
48.2) 11.79 70.56 82.35 51.04 11.03 7278 83.81
47.81 14.82 7 86.55 50.03 1433 73.90 8823
47.82 1502 71.82 86.85 50.00 14.55 73.99 88.54
4242 19.80 74.51 94 31 50.85 19.64 76.63 96.27
52.37 23.68 7142 101.09 5338 23.69 7953 10322
55.73 27.05 80.40 107.45 56.48 27.16 82.52 109.68
59.08 30.09 83.41 113.50 59.66 30.25 85.54 115.80
62.27 32.87 86.41 11928 62.72 33.07 88.56 121.63
6521 35.4 89.38 124.83 65.58 35.66 91.55 127.21
6792 37.84 9232 120.15 6822 38.06 94.50 132.57
70.39 40.08 95.20 135.28 70.65 40.31 9741 137.71
72.64 42.17 98.04 14021 72.86 4240 100.26 142.66
74.70 4114 100.85 144.97 73.89 45.37 103.06 147.43
76.58 46.00 103.56 149.55 76.75 46.22 105.81 152.03
78.31 47.74 106.24 153.98 78.45 47.97 108.50 156.46
79.89 49.40 108.86 15826 80.02 49.61 111.13 160.75
81.34 50.96 111,44 162.39 81.46 £1.17 113.72 164.89
8263 5244 11396 166.40 8278 52.64 11625 168.90
8391 53.84 11643 17027 84.00 5404 118.73 172.77
85.05 55.17 11885 173.03 85.13 55.37 121.17 176.53
86.10 56.44 12123 177.67 86.18 56.63 123.55 180.18
58.98 25.54 79.59 105.14 60.28 25.38 81.80 107.18
62.60 30.38 83.72 114.09 63.48 30.38 8592 116.30
62.57 4.66 71.54 76.19 67.89 265 74.17 76.82
58.84 9.34 72.15 8149 62.98 7.89 74.64 8§2.53
58.65 9.64 72.21 81.86 62.72 8.23 74.69 82.92
56.24 16.42 7424 90.66 58.86 15.68 76.55 92.23
56.94 2142 76.77 98.19 58.75 21.04 79.01 100.05
58.a1 2547 79.54 105.01 60.24 25.31 81.74 107.05
6142 28.94 82.40 111.34 62.41 28.90 84.60 113.50
6402 3201 85.31 117.32 64.79 3206 87.51 119.56
66.57 34.78 8821 123.00 67.17 34.88 90.42 125.30
68.98 37.32 91.10 128.42 69.48 37.46 93.31 130.77
71.24 39.67 93.95 133.62 71.65 39.82 96.18 136.00
73.33 41.84 96.76 138.61 73.68 4201 99.00 141.01
75.27 43.87 99.53 143.40 75.56 44.05 101.78 145.83 .
77.06 45.77 102.25 148.02 77.31 45.96 104.51 15046
78.71 47.56 10491 15247 7892 47.74 107.18 - 154903
80.23 4924 107.53 156.77 80.42 49.43 109.81 159.24
81.63 5082 110.10 160.92 81.80 51.01 11239 16340
8293 5232 112.61 16493 83.08 52.51 11491 167.42
84.13 53.74 11508 168.82 84.26 5392 117.39 171.31
8524 55.09 117.50 172.58 85.36 5527 119.81 17508
86.27 5636 119.87 176.23 86.37 56.54 122.19 178.74

{ Continued on p. 46)
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TABLE | (continued)

Temp. a-Fluoronaphtkalere e-Chloronaphthalene
(K) Cs (H—Ho)iT —(F-—Ho)T S Cp (H—H){T —(F—Ho)iT S
(cal mol~* (cal mol~® (cal mol* (cal mol-* (cal mol-* (cal mol-* (cal mol? (cal
K- K-ty K-1) K1) K-1) K-1) X-n mol—}
K-Y)

P = 1600 atm .
£51.00 6035 2250 73.68 96.18 64.85 21.90 76.57 98.47
52270 63.57 2793 7731 105.23 €6.31 27.87 8025 108.12
273.15 74.33 —3.73 68.19 6146 §9.84 ~990 7243 62.53
298.15 6758 2.51 6814 70.65 79.75 —1.99 71.92 69.93
30000 6721 291 63.16 71.07 79.15 —1.49 71.91 70.42
35000 61.21 11.59 69.30 80.89 69.03 9.20 72.54 81.74
30000 359956 17.68 7127 8395 6543 16.41 74.27 90.67
343000 60.82 22 41 73.63 96.05 €4.84 21.80 76.52 98.33
50000 62.61 26.34 7620 102.54 65.68 26.14 79.05 105.19
55000 64.78 2973 78.88 108.61 67.19 29 20 81.72 111.52
0000 6704 3275 81.€0 114.34 68.98 3299 23.45 11744
65000 6926 35.47 8433 119.80 70.86 35.83 87.21 123.04
76000 71.39 37.96 87.05 125.01 7275 38.40 §9.96 128.36
75000 73.40 4026 89.75 130.00 74.53 40.75 92.69 133.44
20000 7528 4239 92 41 13480 7624 4291 95.39 138.30
$50.00 77.02 44.38 95.04 13942 77.86 4192 98.05 14297
c0000 7°.64 46233 97.63 143.87 79.3 46.79 100.67 147.47
95000 80.15 4798 100.18 148.16 £0.79 4855 103.25 151.80

100000 81.5% 49.62 102.68 152.31 8211 50.19 105.78 15597

105000 8283 51.17 10514 156.32 83.34 51.74 108.27 160.01

110000 2£.02 5264 107.36 16020 8448 5320 110.71 16391

115060 85.13 54.03 165.93 163.96 85.54 54.59 113.11 167.69

120000 86.16 55.35 112.26 167.€0 86.53 55.90 115.46 17135

for one mole of gas. Indeed, it may well be assumed that the associating gas molecules
may form dimers, trimers and higher order clusters. On association, the nun:per of
effective particles changes, and the rotational degrees of freedom of each individual
molecule in an associated group are reduced, in turn reducing the entropy of the
system. This then causes deviation from the ideal gas law (eqn (2)) and explains why
the ideal gas thermodynamic property formulae derived, assuming that gas consists
of individual non-interacting particles, do not suffice in case of the real gas.
Assuming that this molecular interaction is caused principally by the molecular
Van der Waals forces; then, for low pressures it is possible to approximate this
association — cluster formation by the second term virial expansion of eqn (2) as:

PV = RT + BT €))

where B = B(T) and is the second virial coefficient. Due to the lack of input data for
intermolecular potentials (such as Lennard-Jones; or Stockmayer) of halogenated
naphthalenes, it is not possible to use eqn (3) directly to describe the real gas behaviour
of a-halonaphthalenes. Noting the successful application of Berthelot state equation
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a-Bromonaphthalene ua-lodonaphthalene

Cp (H—Ho)[T —(F—Ho)T S Cp (H—Ho))T —(F—Ho)T S

(cal moi—* (cal mel-* (cal mol—* (cal mol—2 (cal mol-t (cal mol-! (cal mol-1 (cal mol-1
K1) K-Y K- K1) K1) K-%) K-y K-3
65.36 2241 79.23 101.63 67.77 21.70 81.61 103.31
66.70 28.37 §2.98 1135 6828 28.03 8529 11332
9]1.28 —0.61 7436 6524 101.58 —14.11 78.31 64.21
80.92 - §.62 7438 7276 83.89 —498 7749 7252
80.32 —1.11 74.37 73.26 88.15 —4.40 7746 73.06
69.89 966 75.07 2473 7488 1.74 71.71 85.51
66.08 1691 76.86 93.77 6948 15.74 79.36 95.10
65.36 2231 79.18 101.49 671.78 21.59 81.56 103.16
66.10 26.65 81.76 108.50 67.90 .21 831.09 110.20
67.54 3029 84.47 11377 68.91 30.04 86.77 116.81
6928 33.47 87.25 120,72 7035 3314 89.53 122 .87
71.11 3629 90.04 12633 71.98 36.25 9231 128.56
7295 38.85 92.83 131.67 73.65 38.86 95.1C 13396
73.72 41.18 95.59 136.77 73.50 341.23 97.86 139.G9
76 .41 43.33 98.31 141.64 7690 43.41 100.59 144.00
78.01 45.32 101.00 146.32 78.43 4543 103.28 148.71
79.51 47.18 103 .64 150.83 T9.87 4730 10594 15324
8091 4892 10624 155.16 81.22 49.05 108.54 157.55
2 50.55 108.79 159.35 82,49 50.69 111.10 161.79
83.44 52.09 111.30 163.39 83.67 52.23 113.6} 165.84
84.57 53.54 113.75 16730 84.78 53.69 116.07 169.76
85.63 5491 116.17 171.08 85.81 55.06 118.49 173.55
86.61 5621 118.53 174.74 86.77 56.36 120.86 1771.23

to fluorobenzene thermodynamic property calculation?®, this simple, two constant,
state equation was used also for this work. As a matter of fact, the second virial
coefficient (eqn (3)) may be expressed through Berthelot’s equation of state as:

9 RT, T.\? -,
B e |16 (F) ] @)
where the gas constant R = 82.06 cc atm K™ !, and the other guantities are in com-
patible units. The differences between the ideal gas thermodynamic functions (state
equation PV = RT) and the real gas thermodynamic properties (state cefined by
eqn (3); valid for moderate pressures up to 16 atm) can be obtained through the

application of the following equation set (5) which relates P-V-T properties of the
gas to the desired thermodynamic functions:

GH evy . (ds\ _ (&P
(-——-—a,, ),. =V- T(”ﬁ); ("‘:7) = ('é?)

A - ~2
(2),-- G5 (58). = -7(&)
6P/ aT/p \ 3P /T aT*/p

6




TABLE 2

CALCULATED CONSTANTS a, b, ¢, ¢/ AND € IN LON (I)®

e ey -

LI B

Pressure  ue lImnnnapl:llmlcnr
a b ex IR dxl()’ ' (-' ¥ IO a Tox 0T TeR i dxI0T T Tex 0w
0.25 --12.2167 020501 - 0.16796 063601 ---077710 0.32017 0.59795 011784  —0.34599 0.12697
0.50 ~9,09328 0.18074  --0.13995 0.41132 ~0,11564  +-1,23521 0.67406 « 002185  ~-0.23389 0.09396
1,00 --2.84658 015921  —0,08395 003804 120759  --4.34612  0.82631 ~0,30124  ~-0.00967 0.02792
2.00 9,64575 0.09815 002608  -0.93661 385351 --10.56754 1.13078 ~0,85999 0.43873  --0,10413
4,00 14,6)226  -0,02397 025207  --2,73406 9.14647  ~23.01054 173973 -1,97751 1.33556  --0.36825
8.00 84.60561  ~0,26822 070012 --6.32893 1973217 --47.89748 295770 - 4,21269 312933 --0.89652
16.00 184,500 ~0,75670 159616 --13.51826 4090237  ~97.66557 539322 --8,68205 671593 - 195276
- (l" o ]lun)lT EETEE BN SFT T ) e oA TR T NI ‘S‘ . - R sEr YRR AP S 0 R A IR -e - - e .
' hx 10 ex 10 dx 10 'px jon a Y S TIL dx 10 e X Joho
0.25 28071 061178 050275 —0.]1388 032295 $3.02361 012097  0.16809  --045984  0,15926
0.50 51.94087 0.58655 096630  ~0.15170 0.43261 5070509  0.12606 007474  —0.38494 0.13720
1.00 51.59167 0.53608 1.89320 - 0.22551 0.65181 47.24557 013624 ~0.11192 -~ 0.23517 0.09310
2,00 5227185 0.43513 374742 037438 1.09033 4170387  0.15659 -0,48527 6.43765 0.00490
4.00 55.00800 0.23328 745465  ~0.67200 1.96701 3199820  0.19730 -1,23191 0.66342  --0,17150
8.00 6185899  —0.17047 14.87031  —1,26736 3.12077 1396399 027871 --2,72540 1.86173  —0.52436
16.00 7693747  ~097790 2969981  -~2.45789 7 22762 ---20 72614 0.44152 ~5.71168 425763  ~122984
u=Chloronapthalene - -
Cy e e m =T
a bx 10 > 108 dx 07 ex om ax o bhx10" e X 108 dx 0 o X JoN
0.25 ~8.98073 195313 =0.15439 0. 54270 ~0.52636 0.02882 o 65701 ~002778  ~0.24868 0.98624
0.50 ~4.80230 174891  ~0.11694 0.24215 0.35861  ~0.17943  0.75892 -1,80752  ~0.09864 0.54436
1.00 3.53556 134041  =0.04200  -0.35908 212006  -0.59597 096272 ~5.63732 0,20148  --0.33947
2.00 20,26974 0.52153 0.10784  --1,56128 566808  ~1.42900  1.37030  =13.11163 0.80164  =2,10693
4.00 5370180  ~1,11051 0.40759  —3.96631 1275112 =-3.09506  2,18545  -~28.07348 2,00193  ~5.64160
8.00 12056490  ~-4.37852 1.00707  -8.7762Y 2691503 642722 381579 -~ 57.99099 440275 =—12.71204
16.00 25428270 —10.91393 220587  --18.39458 5523710  --13.09142  7.07637 9,20399  =26.85132

oz v = e

~117.82180




T

S

l'\rc"sllrc - N T T o S TR T T P a aary - ey Bwra srna s mum o B - .y ETRTT T P ) T e g inMEIr Y W
(am) a xRN0 Tex IS AR exjon a b ex 108 (% 107 ¢ X 1010
0.2% 53.50237 0.67046  -0.11348  -0.79553 024480 5370087  0.13275 -0,14114  —0.32828 0.12311
0.50 52,81499 0.6366! 050813  ~1.29465 039184 5102031  0.13956 -1,38994  ~-0.22805 0.09360
1.00 52.81667 0.56900 174963 229121 068537  46.85686 015317 ~3.88788  ~0.02763 0,03458
2.00 54,19715 0.43375 423321  ~4,28487 127260  39.90828  0,18040 ~-§.88217  ~0.37306  --0,08340
4.00 58.33725 0.16325 920011  -~8.27193 244698 2738663 023487  —18.87402 1.17477  =0.31948
8.00 6199376  ~0.37775 19,13422  ~16.24623 41951 372230 034380  --38.45548 2771799  —0.79158
16.00 £8.68539 145984  30.00435  --32.19720 949423 ~-4223102 056167  ~—78.82107 598462  ~1,73583
u-Rromonaphthalene
Cr — e (1 — )T
ax10-1 b o X 109 dx 107 o 10N a bx10 ex 108 dx 107 ¢ X 101
0.25 --0,72671 018936  -—0,14544 047949 -~0,35588 1.03500  0.65891 «0.21569  -0.22922 0.92307
0.50 ~0,30294 0.16864  —0,10744 0,17461 054187  ~1.07179  0.76228 211242 ~0,07701 0.47484
1.00 0.54469 012722 003145  -~0.43510 23321 ~530316  0.96900 «+5.90576 0.22739 —~0.42164
2,00 2.23998 0.04436 0.12054  --1,65455 592808 --13.73382 138244  ~-13.49205 083616  ~—2.21441
4,00 563066  --0.12136 0.4245)  --4.0936! 13.11026 ~30.65539 220933  ~-28.66494 205374  --5.80007
8.00 1241200  -0.45281 103250 89T 2747480 - 64.45930 386319  ~59.01330 4.48918  --12.97250
16.00 2591439 -=1,11567 224844  ~18,72752 5620195 —41.43932 573184  -~B0.8B1638 6.13945  ~17.80446
- (P HONT s L
a hx 10 e X108 dx 10% ex i’ a b ox )N dx 10 ¢ X 1010
,0.25 54,79434 072282 080468  --0.33676 0.12513 5582906  0.13818 -0.10207  ~0.26287 0.10481
0.50 54.11682 068851 017471 —0.84245 027408  $3.03806  0.14508 -0.22872 ~0.16125 0.07489
1,00 54,13911 0.61990 1.08514  ~1.85375 057195  48.83604  0.15689 ~045204  --0.04200 0.01504
2,00 55,56126 0.48266 260509  ~2.87661 116779 41.80766  0.18651 ~0.98866 0.44848  —0,10465
4,00 §9,78300 0.20818 8.64480  ~7.92201 235933 2012737 0.24175 - 2,00210 126162  -0.34410
8,00 69.60385  --0,34077 1872431  ~16.01305 474254 514783 0.35222 ~4,02830 288723 --0.82277
16,00 9062196  —1.43860  38.88118  -32.19266 9.50795  --41,43932  0.57318 ~3.08164 6.13945 -~ 1.75045

D TR T T

- b

6F



TABLE 2 {continued)

u=lotlonaphthalene

D T L]

Pressure
(am) o (1 H]T
a TR 3 101 m mv ¢'>:lH“ Tooav T Thsio x0T TTTIR I T ex Tom
0.25 - 5.68559 0.18286  ~0.13432 039298  ~0.10516 0.13578  0.6672)  -0.04655  —0.20622 0.85103
0.50 ~0.11097 0.15855  --0.08972 0.03514 094855  --0.11221 078854  ~026914  --0.02761 0.32505
1.00 921884 0.10992  -0.00051  --0.68057 205608 +-0.60828 10312  --0.71444 032973  -0.72729
2,00 29.13673 0.01267 0.17788  --2.11186 727066 ~1.60039 151657  ~1.60500 104436  --2.83181
4.00 6893523 - 0.18185 0.53469  -4.97473 1570074  ~1.58465 248720 338617 247367 ~7.04001
8,00 148.53100  --0.57088 1.24832  --10,70047 256129 155304 442865 694816 533226 ~15.45939
16.00 307.72070  --1,34893 267552 --22.15146 6656129  --1548975  B.31120 1407262 1104904  --32.29450
= (F = H)[T S
a RN e 108 dx 08 o Ui a b 10 ex i d> 107 e x 0
0.25 56.04086 075330  ~-0.11950  —0.08351 0.60209  57.39859  1.42053  --0.16604 —021458 0911278
0.50 55.48534 071302  —0.04555 - 0.67708 235033 5436279  1.50160  ~031474  --0.09526  0.55990
1,00 5575185 0.6324$ 0.10238  ~1.86446 584766 49.66896  1.66368  ~0.61207 0.14329 --0,14254
2,00 57.66237 04713 0.39824  —4.23931 1284253 4L.65858 198787  --1.20674 062042 —1,54751
4.00 62.86121 0.14900 0.99002  —8.98943 2683358 2701514 263625  —2,39610 1.56468 —4.35742
8,00 7463637  ~0.49564 217360  --18.49011 5481765  —0.89277 39329 ~4,77458 348300 —9.9767|
16.00 99.56306  --1.78482 4.54048 —37.48830 1107725 5533562  6.52655  ~9.53234 730042 ~21,21791

n v

. To avold large errors in applying eqn (1), all five constants (a, b, ¢, d, ¢) should be used.

R
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Combining eqns (3)(5), we arrive at eqns (6)(8) which yield the real gas devivation
from the ideal gas statc at one atmosphere pressure:

o7 = g5 [ - 18 () ]
(H — HYIT = 55 5= |1~ 18 T) P (6)
81/ RT’)
C, — =__f—Z<_}pP 7
€ —Cp 32\ p.T3 . M
_27( RTCJ) v . &=
(So S)T-—gi ._I)CT;‘ P+ RinP (8)

These difference egns (6)(8) based on the Berthelot equation of state; have been
used te calculate the presented (Table 1) thermodynamic functions.

As a matter of fact, in their use of Berthelot’s equation of state for calculating
the real gas thermodynamic functions for fluorobenzene, Butler and Lielmezs® noted
very close agreement between the calculated real gas thermodynamic function values
and the available experimental data. However, there are no available experimental
data for x-halonaphthalenes and so the range of applicability of eqns (6)—(8) can only
be inferred from the general limitations associated with the second virial coefficient
expansion. Hence. it is suggested that eqns (6)(8) will be more accurate in the lower
pressure regions (approaching the ideal gas behaviour) and less accurate at the higher
pressures and in the vicinity of the crtical point which for the halonaphthalenes is
at the pressure range of 36-40 atm and within 720-870 K temperature interval.

Indirectly, this observation has been brought out also by Butler and Liclmezs*
who showed that for fluorobenzene the calculated heat capacities did fit the experi-
mental data of Scott et al.* over a pressure range of 0.25 to 10 atm. Yet, studies by
Waddington et al.* on normal hvdrocarbons have indicated that corrections obtained
by the use of Berthelot equation of state are too small at lower temperatures near
the normal boiling point. Despite this aspect of caution, it is still felt that Butler’s
and Lielmezs™ work on fluorobenzene is sufficiently strong evidence to assume that
Berthelot’s equation of state in conjunction with the second virial coefficient expansion
(eqns (3) and (4)) describes the P-V-T properties of z-halonaphthalenes reasonably
well within the stated ranges of applicability (pressure range from 0.25 to 16 atm).

ACCURACY

McFee and Lielmezs! have already in detail discussed the accuracy and the
range of reliability of the calculated thermodynamic functions for a-halonaphthalenes
in the ideal gas state. They evaluated four types of errors: mathematical errors due

"Term RIn P (eqn (8))is correction which must be 2dded to obtain the ideal gas entropy at pressure
P; provided that this correction has not been already included in the ideal gas S%expression. It should
benoted thatfor P = 1 atm, RIn P = O.
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to the round off in the computer; errors in bond lengths, bond angles and ir geo-
metrical asymmetry of the molecule; errors in frequency assignments such as improper
analysis, liquid state frequency shifts; and errors due to the inapplicability of the
basic assumptions, for instance the anharmonicity. McFee and Liclmezs' concluded
that for a-halonaphthalenes the calculated ideal gas state therinodynamic functions
should be reliable from approximately 400 to 1000°K; the expected error range of
+ 20% being well within the general experimerial uncertainty as specified by
Whiffen®.

The calculation of real gas thermcdynamic functions additionally however
involves (eqns (4), (6), (7) and (8) the knowledge of the critical point properties, the
critical pressure P., and the critical temperature, 7.. For a-halonaphthalenes, these
critical properties were obtained using the Lydersen incremental estimation method?
(Table 3). For internal consistency, the estimated a-halonaphthalene critical properties
were compared with the experimental critical property values of the correspondingly
substituted halogenated benzene series®. Furthermore, the critical property uncertainty
effect on the calculated recal gas thermodynamic function values was investigated by
calculating the thermodynamic functions for a-iodonaphthalene using critical temper-
ature and critical pressure values 5%, below the estimated critical property values for
z-iodonaphthalene (Table 3). It was found that only at low temperatures and at high
pressures the error was greater than 0.2-0.3 9. Hence, the calculated real gas values
(Table 1) should be accurate except at low temperatures where an errcr of less than
19, may be expected. In general, it was felt that barring major errors in the frequency
assignments (McFee and Liclmezs'), the expected overall error should be at most
1-29_This suggested error is expected to ho!d for all pressures between temperatures
from about 400 to 1000°K.

ACKNOWLEDGEMENTS
The financial assistance of the National Research Council of Canada and the

President’s Research Grant, University of British Columbia, Vancouver, B.C., are
gratefully acknowledged.

NOMENCLATURE

A = angstrom unit

B = second vinal coefficient, cc mol~?

c? = heat capacity, cal mol~! K~!

eu. = entropy unit, cal mol™* K™

— (F® — HY)IT = free energy function, cal mol~* K~ !

(H® — H3)IT = enthalpy function, where H3 = H® at 0 K, cal mol ™! K™
P = pressure, atm

R = universal gas constant

s° = entropy, €-u.



[N - W] W
]

w0

I

temperature, K

volume, cc

molecular symmetry number
wave number, cm™ £

i

f

Superscript:

0 = reference state, referring to the hypothetical state of an ideal gas
at | atm

Subsenpt:

c = critical state

P = pressure
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