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For the C3 to Cs diolefins, styrene, and the methylstyrenes, values are presented for 

t he following thermody namic proper t ies to 1,500° K : H eat-content fun ction, free-energy 

fun ction, entropy, heat conten t , heat capacity, heat of forma tion from the clements, free 

energy of fonnation from t he elem ents, and logarithm of the equilibrium constant of forma­

t ion from the elem ents. Equilibrium con tants and concent rat ions are given in tabular and 

graphica l form for some reactions of isomerizat ion and dehydrogenat ion . 

1. Introduction 

As part of the work of the American Petroleum 
Institute R esearch Project 44 at the National 
Bureau of Standards and the University of Cali­
fornia, values have been compiled for the thermo-­
.dynamic properties, in the gaseous sta te to 1,500 ° 
Ie, of the heaL-content funcbon, free-el1Crgy func­
tion, entropy, heat content, heat capacity, heat of 
formation, free energy of formation, and logarithm 
·of the equilibrium constant of formation for the 
Cs to Cs diolefins, styrene, and the methylstyrenes. 
Calculations have also been made of the free 
,energies and equilibrium constants of a number of 
reactions involving isoIJ!erization and hydrogena­
tion of these compounds. 

II . Constants 

The values of the constants used in the present 
calculations are as follows [1, 2]: 6 The caloric 
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used is the conventional thermochemical calorie 
defined as 4.1840 absolu te joules; the absolu te 
temperature of the ice point is 273.160 ± O,OlO ° Ie; 
the value of the radiation cons tant, hc/k , i 1.43 47 
± 0.00045 cm deg; th e gas consLant is 1.9 719 
± 0 .0001 3 cal/deg mole. Valu es of other constants 
related to these arc given in. r eferen ces [1 , 2]. 

III. Heat-Content Function[ Free-Energy 
Function[ Entropy, Heat Content[ and 
Heat Capacity 

1. C3 to C; Diolefins 

For propadiene (allene), the thermodynamic 
functions were computed by using the following: 
The assignment of frequencies given by Thompson 
and Harris [3], which differs slightly from previous 
assignments [4 , 5], two equal moments of iner tia 
(9.82 X 10- s9 g cm2) recalculated from the spectral 
data on the rotational fine structure [6], a third 
momen t of inertia (O.575 X lO- 39 g cm2) assumed to 
be equal to that of ethylene [7], and a symmetry 
number of four. The foregoing moments of iner tia 
correspond to the following d imensions of the 
molecule of propadiene, which agree well with 
those ob tained from measuremen ts of electron 
diffraction [8] : C= C, 1.34 A ; C - H , 1.07 A ; 
H - C - H angle, 120°. The uncer tainty in the 
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calculated values of the thermodynamic functions 
is estimated to be about 0.2 cal/deg mole at the 
lower temperatures and somewhat greater at the 
higher temperatures because of the neglect of 
vibrational anharmonicities. The values of heat 
capacity calculated for propadiene in the present 
investigation agree very well with the experi­
mental data that have been reported [4,9, 10]. 
Some values of entropy previously calculated for 
propadiene by other workers [11 , 12], however, 
differ markedly, for some unknown caUSE: , from 
those given in the presen t report. 

For 1,2-butadiene, the thermodynamic func­
tions wer e computed by using the following: The 
assignment of frequencies given by Szasz, McCart­
ney, and Rank [13]; moments of inertia based on 
the same corresponding dimensions as for pro­
padiene, together with additional dimensions of 
1.54 A for C - C and 1.09 A for H - CCH3' giving 
11= 2.819 X 10- 39 , 12 = 20.31 X 10- 39 , and 13= 22.03 
X 10-39 g cm2 ; a reduced moment of inertia for the 
methyl rotation of 4.78 X 10- 40 g cm2 corresponding 
to 1cH3=5.30 X 10- 40 g cm2 ; and a potential barrier 
restricting internal rotation of 1,800 cal/mole, 
which was selected to fi t the experimental value 
of entropy of gaseous 1,2-butadiene at 273.25 ° Ie 
reported by Aston and Szasz [14], including a 
calorimetrically measured entropy of vaporization. 
The potential barrier from the present calculations 
is slightly different from that reported by Aston 
and Szasz [14] because of the difference in the 
molecular dimensions used in the respective cal­
culations. As might be expected, the potential 
barrier for 1,2-butadiene is about the same as that 
for propylene. The assignment of vibrational 
frequencies made by Szasz, McCartney, and 
Rank [13] was tested by calculating approximate 
product ratios for methyl substitutions of the 
type used by Pitzer and Scott [1 5], in which cal­
culations the values of the product ratios for 
1,2-butadiene agree very well with those for the 
methylbenzenes. This agreement offers consider­
able confirmation of the assignment of frequencies 
for 1 , 2-butadien,~ . 

For 1,3-butadiene, the available spectroscopic 
and other molecular data appear to be satisfac­
torily represented by the values of the thermo­
dynamic functions calculated by Aston, Szasz, 
Wooley, and Brickwedde [16], and their values 
for the heat-content function, free-energy func­
tion, and heat capacity were used in the present 
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calculations. However, it should be noted that 
the available spectroscopic and other molecular 
data are not sufficient to confirm the correctness 
of the details of their molecular model of 1,3-
butadiene. 

For the pentadienes, the available thermal, 
spectroscopic, and other molecular data are either 
insufficient or too uncertain to permit a satisfac­
tory statistical treatment at the present time. 
However , by taking advantage of regularities in 
the properties of related compounds, thermody­
namic functions for the pentadienes may be cal­
culated by suitable combination of the thermo­
dynamic functions for other compounds for which 
the appropriate values have already been calcu­
lated [15, 17, 18, 19]. For such calculations by 
the method of increments , the following equations 
were used to evaluate the thermodynamic func­
tions for the seven pentadienes: 

G(1,2-pentadiene) = G(l-butene) + (1 ) 
G(1,2-butadiene) - G(propylene). 

G(2 ,3 -pentadiene) = 2G(1 ,2-butadiene) - (2) 
G(propadiene)-R 11 8. 

G(3-methyl-1 ,2-butadiene) = G(isobutene) + (3) 
G( 1,2-butadiene) - G(propylene) . 

G(cis-1 ,3-pentadiene) = G(cis-2-butene) + (4) 
G(1,3-butadiene) - G(propylene) + R In 4 . 

Q(trans-1 ,3-pentadiene) = G(trans-2-butene) + 
Q(1,3-butadiene)- G(propylene)+R In 4. (5) 

G(2-methyl-1 ,3-butadiene) = G(isobutene) + 
Q(1,3-butadiene) - Q(propylene + R In 4- 0.3 . (6) 

Q(1,4-pentadiene) = 2Q(1-butene)-
G(propane)-R In 4. (7) 

In the foregoing equations, G represents the heat 
content function , the negative of the free energy 
function , or the heat capacity. The constant 
terms, R In 8, etc., appearing, respectively, in eq 2, 
4, 5, 6, and 7, are corrections for the symmetry 
number and are to be used for the negative 
of the free-energy function, - (F°- H~) /T, but 
not for the heat-content function or the heat 
capacity. The values of the thermodynamic 
functions used for the calculations represented 
by eq 1 to 7, inclusive, are from the following: 
Propane [18]; propylene, I-butene, cis-2-butene,. 
trans-2 · b\l tone, and isobutene [19]. 
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Therc arc now available a number of checks on 
the accuracy of the increment method for calcula­
ting thermodynamic functions, as illustrated 
by eq 1 to 7, inclusive. Some confirmation of the 
increment method has already been reported for 
certain alkylbenzenes [15, 20] and for certain 
alkylcyclohexanes [17, 21]. 

In 1946, values of the thermodynamic functions 
for 2-methyl-2-butene were calculated [22] by 
means of the relation 

G(2-methyl-2-butene) = 2/3 G(cis-2-bu tene+ trans-
2-butene + isobutene) - G(propylene) + R In 4. (8) 

This yielded 80.90 cal/deg mole for the standard 
entropy in the gaseous state at 25 ° C, which is 
to be compared with the value 80.92 subsequently 
available from the experimental work of Todd, 
Oliver, and Huffman [22], and Huffman and Scott 
[23]. The calculated value for the heat capacity 
of gaseous 2-methyl-2-butene is about 1 percent 
higher than the experiment value that has re­
cently become available [23] . 

Before the recent experimental work on 1,2-
butadiene became available [14], the authors had 
calculated the thermodynamic functions of 1,2-
butadiene by the method of increments with what 
now appear to be excellent results, using the 
equation 

G(1,2-butadiene) = G(a11ene) + G(propylene)-
G(ethylene). (9) 

The standard entropy of gaseous 1,2-butadiene at 
25° C was calculated by the method of increments 
to be 69.7 cal/deg mole, which is to be compared 

with the new calculated value of 70.03 ± 0.20 
cal/deg mole. 

There is an experimental entropy available for 
comparison with our result for 2-methyl-l,3-
butadiene (isoprene). The experimental value, 
75.2 ± 0.3, [24, 25] is 0.5 cal/deg mole lower than 
the value given by the increment equation with­
out the term - 0.3. Although this difference is 
well within the expected uncertainties of the 
method, the additional constant term (- 0.3) was 
added to the increment equation, in order to have 
better agreement with the isoprene experimental 
value at 298.16° K . Presumably, this change 
gives better extrapolated values at higher tempera­
tures. 

In connection with the calculation of the thermo­
dynamic functions of the pentadienes by the meth­
od of increments, it is estimated that the over-all 
uncertainty is about 1 cal/deg mole at room tem­
perature and greater at higher temperatures, the 
values for 1,4-pentadiene being particularly un­
certain . . However, the differences between values 
of the thermodynamic functions at given tem­
pel-atures are more significant than the over-all 
uncertainties. 

The resulting values of the thermodynamic 
functions for the diolefins, C3 to Cs, are given in 
tables 1 to 5, inclusive, which give values of the 
following properties, respectively, from 0° to 
1,500° K: Heat-content function, free-energy func­
tion, entropy, heat content, and heat capacity. 
The value of the entropy is obtained as the value 
of the heat-content function less the value of the 
free-energy function, and the value of the heat 
content is obtained by multiplying the value of the 
heat-content function by the t.empCl:ature. 

TABLE 1. Values of the heat-content function , for the ideal gaseous state, to 1,500° 1(, for the C3 to C5 diolefins 

Compowld For-
O 1298.16 1 300 I 400 I (gas) mula 

------------------
Propadiene (allene) ____ _______________ CaH. 0 10.12 10.15 11. 54 
1,2-Butadiene _________________________ C,H, 0 12. 92 12.% 15.07 
l,3-Butadiene _____________________ ____ C.H, 0 12.16 12.20 14.59 
l,2-Pentadiene ________________________ C,H, 0 16.2 16.3 19.3 
ci.-l,3-Pentadiene (cis-pipcryleoc) _____ C,H s 0 14.5 14.6 17.5 

trans-I,3-Pentadiclle (t rans-pipcryleoe) C,H , 0 15.3 15.4 18. 6 
1,4-Peotadienc ________________________ C,H, 0 16.5 16.6 19.6 
2,3-Pentadienc ________________________ C,H , 0 15.7 15. S 18.6 

3-Methyl-l,2-butadicne __ ______ _____ ___ C,H, 0 15.8 15. S lS.9 
2-Methyl-l,3-butadiene (isoprene) _____ C,H, 0 15.0 15.1 IS.4 

Heats, Equilibrium Constants, and Free Energies 

'r em perature in 0 K 

500 I (lOa I 700 I 800 I 900 I 1,000 I 1,100 I 
Heat-content function, (£-£0- H5)/1', in cal/dcg mole 

12.94 14.28 15.51 16.66 17.71 IS. 68 19.57 
17.16 19. 15 21.01 22.74 24.34 25.S2 27.1S 
16.97 19. J8 21.19 23. 01 24.66 26. J6 27.54 
22.3 25. 0 27.6 29.9 32.0 34. 0 35. S 
20.5 23 . 4 26.0 2S.5 30.7 32.7 34.6 

21.7 24.5 27. 1 29.5 31. 7 33.7 35.5 
22.4 25.2 27.7 29.9 32.0 34.0 35. S 
21. 4 24.0 26.5 2S. S 31.0 33.0 34.S 

21. 8 24.6 27. 1 29.4 31. 5 33.5 35.3 
21.7 24.6 27. 3 29.7 31. 9 33.S 35. 7 

1,200 I 1,300 I 

20.40 21.17 
2S.44 29.62 
2S.80 29.96 
37. 4 39.0 
36.3 37.9 

37.2 38.7 
37.4 39.0 
36.5 3S.1 

37.0 38.6 
37.4 38.9 

1,400 I 

2~.88 

30.70 
31.03 
40.4 
39. 4 

40.1 
40.4 
39.5 

40.0 
40.3 

1,500 

22.5 
31. 7 
32.0 

4 
o 
2 

41. 7 
40.7 

'41 .4 
41. 7 
40.9 

41. 3 
41. 6 
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TABLE 2. Values of the free-energy function, for the ideal gaseous state, to l ,500d K , fm' the Cs to Co diolefins ·1 

Temperature in ° K 

Compound (gas) For· o 1298.161 300 I 400 I 500 
I 

600 I 700 I 800 I 900 I 1,000 I 1,100 I 1, 200 I 1,300 I 1,400 I 1,500 mula I I 
Free-energy [unction , (FO- lrO)/T , in e,l /deg mole 

Propadiene (allene) ___ ________ ____ Cail, 0-48.18 -48.24 -51. 35 -54.08 -56.55 -58.85 -61.00 -63.02 -64.94 -66.76 - 68.50 -70. 16 -71. 76 -73.29' 
1,2-Butadiene _____________________ C,il, o -57.11 -57.19 -61. 21 -64.79 -68.10 -71. 19 -74.11 - 76.88 -79.52 -82.04 -84.47 -86.80 -89.02 -91. 18 
1,3-Butadiene _________ ___ _________ C.il, o -54.46 -54.54 -58.38 -61.89 -65. 18 -68.29 -71.24 -74.05 -76.72 -79.28 -81. 73 -84.09 -86.35 -88.52-
1,2-Pentadiene ____________________ C,il, 0-63.5 -6.3.0 -68.7 - 73.3 -77.6 -81. 7 -85.5 -89.1 -92. 6 -95.9 -99.1 - 102. 2 -105.1 -108.0 
cis-I,3-Pentadiene (cis-piperylene) . C,il, 

01- 62. 9 -63. 0 -67.6 - 71.8 -75.8 -79.6 -83.3 - 86.7 -90.1 -93.3 -96.4 -99.3 -102.2 -105.0 

trans-I,3-Pentadiene (trans-pip-
erylene) _________________________ C,il, 0-61 I -61.2 -66.1 - 70.5 -74.7 -78.7 -82.5 -86. 1 -89.5 -92.8 -96.0 -99.0 -101. 9 -104.8· 

1,4-Pentadiene ________ ___ ________ _ C,il, 0-63.2 -63.3 -68.5 -73.1 -77.4 -8t.5 -85.4 -89.0 -92.5 -95.8 -99.0 -102.0 - 105.0 -107. 8 
2,3-Pentadiene ___________________ _ C,il, 0-61.9 -62.0 -66.9 - 71. 4 -75.5 -79.4 -83.1 -86.6 -90.0 -93.2 -96.3 - 99.3 - 102.2 -104.9 

3-Methyl-l,2-bu tadiene ___ _________ C,il, o -60.6 -60.7 -65.7 -70.2 -74.5 -78.5' -82.2 -85.8 -89.2 -92.5 -95.7 -98.7 -101. 6 -104.4 
2-M ethYI-l,3-butadiene (isoprene) _ C,il, 0-60.4 -60.5 -65. 3 -69.8 -74.0 -78.0 -81.8 -85. 4 -88.9 -92.2 --95.4 -98.4 -101.4 -104.2: 

TABLE 3. Values of the entro py, for the ideal ga$eous state, to 1,500° K , for the Ca to Co diolefins 

Tmuperature in 0 K 

Compound (gas) Form-
o 1 298.16 1 300 I 400 I 500 I 600 I 700 I 800 I 900 I 1,000 1 1,100 I 1.200 I 1,300 I 1,400 I 1,500 ula 

I 

Entropy, S o, in eal/c1pg mole 
---

Propadiene (allene) . ____ ___ _ . _________ Cail. 0 58. 30 58.39 62.89 67.02 70.83 74.36 77. 65 80.73 83.61 86.33 88.90 91. 33 93. 64 95.83 
1,2-Butadiene __ __ _____ __ ______________ C.il, 0 70.03 70.15 76. 28 81. 95 87.25 92.20 96.85 101. 22 105.34 109. 22 112.91 116. 42 119.72 122.88 
1,3-Butadiene __ __ __________________ ___ C,il, 0 66.62 66.74 72.97 78.86 84.36 89.48 94.25 98.71 102.88 106.82 110.53 114.05 II 7. 38 129.54 
1,2-Pentadiene ________ ___ ___ ~ _________ C,il, 0 79.7 79.9 88.0 95.6 102.6 109.3 115. 4 121.1 126.6 131. 7 136.5 141.2 145.5 149.7 
cis-l,3-Pentadiene (cis-piperylene) ____ _ C,il, 0 77.5 77. 6 85. 1 92.3 99.2 105. 7 111.7 117.4 122.18 127.9 132. 7 137. 2 141.6 145.7 

trans-I,3-Pentadiene (trans-pi per-
ylene) _______________________________ C,il, 0 76.4 76.8 84.6 92. 2 99.2 105.8 112.0 117. 8 123.2 128. 3 133.1 137.7 142. 1 146.2 

1,4-Pentadiene ___________ ______ _______ C,il, 0 79. 7 79. 9 88.1 95.5 102.6 109.2 115.3 121. 0 126.5 131. 6 136.4 141. 0 145.3 149.5 
2,3-Pentadiene __ ____________ __________ C,il, 0 77.6 77.8 85.5 92.8 99.5 105. 9 lJJ.9 lJ7.6 123. O' 128.0 132.8 137.4 141.7 145.8 

3-Methyl-l,2-butad iene. __________ __ ___ C,il, 0 76.4 76. 5 84.6 92.0 99.1 105.6 111.6 117.3 122.7 127.8 132.7 137.3 141.6 145.7 
2-Methyl-I,3-butadiene (isoprene) _____ C,il, 0 75. 4 75.6 83.7 91. 4 98. 6 105.3 111.5 117.3 122.7 127. 9 132.7 137.3 141.7 145.8 

TABLE 4. Values of the heat content, for the ideal gaseous state, to 1,500° K , for the Cs to C5 diolefins 

, 
Tern perature in 0 Ie 

Com pound (gas) For-
O 1 298.16 / 300 I 400 I 500 I 600 I 700 I 800 1- 900 1 1,000 I 1,100 1 1,200 1 1,300 1 1,400 I 1,500 mula 

ileat content, (HO-H~), in cal/mole 

Propadiene (allene) ________________ __ _ Cail. 0 3017.4 3045.0 4616.0 6470.0 8568.0 10857.0 13328. 0 15939.0 18680.0 21527.0 24480.0 27521. 0 30632. 0133810_ 0 
1,2-Butadiene __ ________ __ ________ __ ___ C.il, 0 3852.2 3888.0 6028.0 8580.0 11490.0 14707.0 18192.0 21906.0 25820.0 29898.0 34128.0 38506.0 42980.0 47550.0 
1,3-Butadiene _________________________ C.il, 0 3625. 6 3660.0 5836.0 8485. 0 11508.0 14833. 0 18408.0 22194.0 26160.0 30294.0 34560.0 38948.0 43442.0 48030.0 
1,2-Pentadiene ____ ____ _________________ C ,R , 0 4830 4890 7720 11150 15000 19329 23920 28800 34000 39380 44880 50700 56560 62550 
cis-I ,3-Pentadiene (cis-piperylene) _____ C,il, 0 4323 4380 7000 10250 14040 18200 22800 27630 32700 38060 43560 49270 55160 61050 

tran,-1,3-Pentadiene (trans-piperylene) C,il, 0 4562 4620 7440 10850 14700 18970 23600 28530 33700 39050 44640 50310 56140 62100 
1,4-Pentadiene ____ ___ __ ________ ___ ___ _ C,il, 0 4920 4980 7840 11200 15120 19390 23920 28800 3400b 39380 44880 50700 56560 62550 
2,3-Pentadiene _________ __ ________ ___ ._ C,il, 0 4681 4740 7440 10700 14400 18550 23040 27900 33000 38280 43800 49530 55300 61350 

~-Metbyl-l,2-butad..ielle - -- __ _________ ._ C,il, 0 4711 4740 7560 10900 14760 18970 23520 28350 33500 38830 44400 50180 56000 61950 
2-Methyl-I,3-butadielle. (isopren e) ___ . C,il, 0 4472 4530 7360 10850 14760 19110 23760 28710 33800 39270 44880 50570 56420 62400 
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T ABLE 5. Values of the heat capacity, for the ideal gaseou state, to 1,500° X, for the Ca to C5 diolefins 

For-
O 1298.16 1 

1 1 
Compound (gas) mula 300 400 500 

Propadiene (allene) ___ ___ ___ __ _____ ___ Call., 0 14. 10 14. J6 17.21 19.82 
1,2-Butadiene __ ____ ___ ____ ____ ____ ____ C,H, 0 19.15 19.23 23.54 27.39 
1,3-Butadiene ___ ____ __________ ________ C.H, 0 19.01 19. Jl 24.29 28.52 
1,2-Pentadiene __ ____ ___ ______ ______ ___ C,H, 0 25.2 25.3 31. 4 36.5 
cis-I,3-Pentadiene (cis-piperylene) ___ __ C,H , 0 22. 6 22. 7 29. 5 35.3 
trans-1,3-Pentadicnc(tru'fIs-piperylene)_ C,H , 0 24.7 24.9 31. 2 3 .6 
1,4-Pentadiene _______ _____ ___ ___ ____ __ C,H , 0 25.1 25.2 31. 3 36.5 
2,3-Pentadienc __________ __ ____ ____ ____ C,H , 0 24 . 2 24. 3 29. 9 35.0 

3-Metl1yl-l,2-bu tadicne ___________ _____ C,H , 0 25. 2 25.3 31.0 36.0 
2-M ethyl-l ,3-butadiene (isoprene) ___ __ C,H, 0 25.0 25.2 31. 8 37. 1 

2 . Styrene and the Methylstyrenes 

For styrene and the several methylstyrene , the 
values of the heat-content function, free-energy 
function, and heat capacity were taken from 
reference [26]. As usual, the value of the entropy 
is given by the value of the heat-content function 
less the value of the free-energy function, and the 

'rempcratnrc in 0 ] ( 

1 

I 

1 1 1 
1,000 1 1,100 /1,200 I 1,300 1 1,400 1 1,500 600 

t 
700 800 900 

Hcat capacity, C~, cal/deg mole 

22. 00 23.84 25.42 26.80 28.00 29.04 29.96 30.75 31. 45 32.06 
30.72 33.54 36.01 38.16 40.02 41. 62 43.02 44.23 45.29 46. 20 
31. 84 34.55 36.84 38. 81 40.52 42.02 43.32 44.47 45. 47 46.34 
40.8 44.5 47.7 50.4 52.S 54.9 56.7 58.2 59. 6 60.7 
39. 9 43.8 47.0 49.8 52.2 54.3 56. 1 57.7 59.1 60. 3 
40.9 44.6 47.7 50.3 52.6 54.7 56. 4 58.0 59. 3 60.5 
40.8 44.4 47. 6 50.3 52.7 54.7 56.5 58. 1 59.4 60.6 
39.4 43.2 46.6 49.5 52.0 54.2 56. 1 57.7 59.1 60. 3 

40.3 44.0 47.2 50.0 52.4 54.5 56.3 57.9 59.3 60.5 
41. 4 45.0 48.0 50. 6 52. 9 54. 9 56.6 58.2 59. 5 60.6 

heat content is ob tained by multiplying the value 
of the heat-content function by the temperature. 

The resulting values of the thermodynamic 
functions for styrene and the methylstyrene are 
given in tables 6 to 10, inclusive, which give values 
of the following properties, re pectively, from 0 0 

to 1,500 0 Ie: H eat-content function, free-energy 
function , entropy, heat content, and heat capacity_ 

TABLE 6. Values of the heat-content function, f or the ideal gaseous state, to 1,500° K , for styrene, Ca, and the methylstyrenes, Cg 

rremperat ure in 0 K 

Com pound Form-
o 1298.161 300 

1 
400 I 500 

1 
600 

1 
700 

/ 
soo 

1 
900 11,000 1 1,100 1 1,200 1 1,300 1 1,400 1 1,500 , (gas) lil a 

H eat-content [unction, (J'[O-H~)/ T, in cal/deg molc 

Ethenylbenzene (styrene; vinyl bcnz-
ene: Phenylethy lene) _________ ______ CsH , 0 16.72 16.79 21.07 25.32 29.28 32.92 36.22 39.22 41. 95 <\4.44 46.70 48.77 50.67 52. 42 

Isopropenylbenzene (a-meth ylsty-
rene; 2-pbenyl-l-propene) _____ __ ___ __ C,H " 0 20.3 20.3 25.2 30. 0 34.6 3 .8 42.6 46. 1 49.3 52. 2 54.9 57.3 59.6 61. 6 

cis-l-Propenylbenzcne (cis'iI-meth yl-
styrene; cis-l-pbcnyl-l-propene) _____ C,HIO 0 20.3 20.3 25.2 30.0 34.6 38.8 42.6 ~6. 1 49.3 52. 2 54.9 57. 3 59.6 61.6 

trans -1- propenylbenzcne (trans -fJ-
methylstyrene; trans -1 - phenyl-1-
propeno) __________ _____ __ ______ ____ _ C,R IO 0 19.9 20.0 25. 1 30. 0 34.6 38.9 42.7 46.2 49.5 52. 4 55.1 57.5 59. 8 61.8 

I-Metbyl-2-etbenylbenzcne (o-meth yl-
styrene) __________________ _______ ____ C,H " 0 20.3 20.3 25.2 30.0 34. (\ 38. 8 42.6 46. 1 49.3 52.2 54 . 9 57. ~ 59. 6 61.6 

I-Metbyl-3-etheny lbcll zeno (m-meth-
y lstyrene) __________ _____ __ __ ________ C,B " 0 20.3 20.3 25.2 30. 0 34.6 38.8 42.6 46. 1 49.3 .\2.2 54.9 57.3 59. 6 61.6 

I-Methyl-4-ethenylbenzene (p-metb-
ylstyrene) __ _______ ____ ___________ . __ C,R IO 0 20.3 20.3 25.2 30.0 34. 6 38.8 42.6 46. 1 49.3 52.2 54 . 9 57.3 59.6 61. 6 
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TABLE 7. Values of the free-ene·rgy function, for the ideal gaseous state, to 1,5000 K, for styrene, Cs, and the methylstyrenes, C9 

'rem perature in 0 K 

Compound (gas) For-
O /298.16/ 300 

/ 
400 

/ 

500 
/ 

600 
/ 

700 
/ 

800 
/ 

900 I 1,000 I 1,100 
/ 

1,200 I 1,300 
/ 

1,400 I 1,500 mula 

F ree-energy function. (FO-H~)/ 7', in cal/deg mole 
--.-~-------------

Ethenylbenzene (styrene; vi-
nylbenzene; phenylethylene) _ C,R, 0-65.76 -65.86 -71. 28 -76.44 -81.42 -86.21 -90. 82 -95.26 -99.54 -103.66 -107.61 -Ill. 44 - 115. 13 -118.68 

Isopropenylbenzene (a-meth-
ylstyrene; 2-phenyl-I-pro-
pene) ________________________ CoRIO 0 - 71.4 -71.5 -78.1 -84.2 -90.1 -95.8 -101.2 - 106. 4 -111.4 - 116.3 -120.9 -125.4 - 129.7 - 133.9 

cis-I-Propenyl benzene (cis-fj-
methylstyrene; cis-I-pbenyl-
I-propene) ___________________ CORIO 0-71.4 - 71.5 -78.1 -84.2 -90.1 -95.8 -101.2 -106.4 - 111.4 -116.3 -120.9 - 125.4 - 129.7 - 133.9 

Ir a n s-I-Pr 0 pen y I benzene 
(trans-fj-m e thy 1st y rene; 
trans-I-p hen y I-I-propene) ___ C,RIO 0-71.0 - 71.1 -77.6 -83.7 -89.6 -95.3 -100.7 -105.9 - 111.0 - 115.8 -120.5 - 125.0 -129. 4 -133. 5 

I-Methyl-2-ethenylbenzene (0-
methylstyrene) ____ __ ________ C,R IO 0-71.4 -71. 5 -78.1 -84.2 -90.1 -95.8 -101. 2 -106.4 -111.4 -116.3 -120.9 -125.4 - 129.7 - 133.9 

I-M e thy 1-3-ethenylbenzene 
(m-methylstyrene) ________ __ CoRIO 0-72.8 -72. 9 -79.5 -85.f> -91.5 -97.2 -102.6 -107.8 -112.8 -117.7 -122.3 -126.8 - 131.1 -135.3 

I-M e thy 1-4-ethenylbenzene 
(p-methylstyrene) ___________ CoRIO 0-71.4 -71. 5 -78.1 -84.2 -90.1 -95.8 - 101. 2 -106.4 -111.4 -116.3 -120.9 -125.4 - 129. 7 -133.9 

TABLE S. Values of the entropy, for the ideal gaseous state, to 1,5000 K , for styrene, Cs, and the methylstyrenes, C9 

1~empcrature in 0 K 

Compound (~as) For-
O 1298.161 300 I 400 I 500 I 600 I 700 

/ 
800 I 900 I 1,000 I 1,100 11,200 I 1,300 / 1,400 / 1,500 mula 

Entropy, So, in cal/deg mole 

I 
Ethenylbenzene (styrene; vinylben-

zene; phenyletbylene) _______________ C,R , 0 82.48 82.65 92.35 101. 76 110.70 119.13 127.04 134.48 141.49 148. 10 154.3 1 160.21 165.80 171.10 
Isopropenylbenzene (a-mEtbylstyrene; 

2-pbenyl-l-propene) _________________ CoRIO 0 91. 7 91. 8 103.3 114.2 124.7 134.6 143.8 152.5 160.7 168. 5 175.8 182.7 189.3 195.5 
cis-I-Propenylbenzene (cis-fj-metbyl-

, 
styrene; cis-I-pbenyl-I-propene) _____ CoRIO 0 9\. 7 91. 8 103.3 114.2 124.7 134.6 143.8 152.5 160.7 167.5 175.8 182.7 189.3 195.5 

trans-I-Propen y l benzene (trans-fj -
m etbylstyrene; trans-I-phenyl-I-pro-
pene) _______ . _______________________ C,Rlo 0 90.9 91.1 102.7 113.7 124.2 134.2 143.4 152. I 160.5 168.2 175.6 182.5 189.2 195.3 

I-Metbyl-2-etbenylbenzene (o-methyl-
styrene) _____________ __ ______________ CoRIO 0 91. 7 91. 8 103.3 114.2 124.7 134.6 143.8 152.5 100.7 168.5 175.8 182.7 189.3 195.5 

I-Methyl-3-ethenylbonzene Cm-motb-
ylstyrene) _________________________ _ C,Rlo 0 93.1 93.2 104.7 115.6 126. 1 136.0 145.2 153.9 162.1 169.9 177. 2 184.1 190.7 196.7 

I-Methyl-4-etbenylbenzene (p-methyl -
styrene) _____________________________ C,Rlo 0 91. 7 91. 8 103.3 114.2 124.7 134.6 143.8 152. 5 160.7 168.5 175.8 182.7 189.3 195.5 
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TABLE 9. Vallles of the heal content, for the ideal gaseous state. to 1,5000 K , for styrene, Cs, and the me/.hyl-styrenes , C9 

rremperature in 0 K 

Compowl(l (gas) Fo;-
o 1298.161 300 I 400 I 500 I 600 I 700 I 800 I 900 1 1,000 I 1, 100 I 1,200 11 ,300 1 1,400 11,500 mula 

R eat content (HO-H~) , in cal/mole 
-----------
Etbenylbenzene (styrene; vinylben-

zene; pbenyletbylene) ____ _____ ______ CsHs 0 4,985 5,037 8,428 12,660 17,568 23,044 28,976 35,298 41,950 48,880 56,040 63,400 70,940 78,630 
Isopropenylbenzone (a-methy lstyrene; 

2-pbenyl-I-propene) ________ ______ ___ C,R" 0 6,050 6,090 10,080 15, 000 20,760 27,160 34,080 41, 490 49,300 57,400 65,900 74,500 83,400 92,400 
ci&-)-Propenylbenzone (cis-ii-metbyl-

styrene; cis-I-phenyl-I-prop ene) _____ C,R " 0 6,050 6, 090 10,080 15,000 20,760 27,160 34,080 41,490 49,300 57,400 65,900 74, 500 83,400 92,400 
lrans-I-P rop on y lb enze n e (trans-ii-

methylstyrene; trans-)- ph en yl-I-
propone) ___ _________________ ___ _____ C,R" 0 5,930 6,000 10,040 15,000 20,760 27,230 34, 160 41,580 49.500 57, 600 66,100 74, 800 83,700 92, 700 

I-Metbyl-2-etbenylbenzene (a-metby l-
styrene) _________ ____________________ C,II" 0 6, 050 6,090 10, 080 15,000 20,760 27, 160 34,080 41, 490 49,300 57,400 65,900 74,500 83, 400 92,400 

I-Methyl-3-etbenylbenzcne (m-methyl-
styrene) _____ _____ ____ _______________ C,R" 0 6, 050 6,090 10, 080 15,000 20,760 27,160 34, 080 41, 490 ,49,300 57,400 65,900 74,500 8.1,400 92,400 

)-Metbyl-4-ethenylbenzene (p-meth yl-
styrene) _____________ ______ ________ __ C,R" 0 6,050 6,090 10,080 15,000 20, 760 27, 160 34,080 41 , 490 49,300 57,400 65, 900 74, 500 83,400 92,400 

T ABL E 10. Values of the heat capacity, for the ideal gaseous state, to 1,5000 K, for styrene, Cs, and the methylstyrenes, C9 

Temperature in 0 K 

Compou nd (gas) Form· o 1298.161 300 I 400 I 500 I 600 I 700 I 800 I 900 I 1,000 I 1,100 I 1,200 I 1,300 1 1,400 11,500 ula 

R eat capacity, eg, in cal/dog mole 
---

Ethenylbenzene (styrene; vinylben-
zene; pbenylctbylenc) ____ __ _________ CsR s 0 29.18 29.35 38.32 45.94 52.14 57.21 61. 40 64.93 67.92 70. 48 72. 66 74.54 76. 16 77.57 

Isopropenylbenzene (a-metbylstyrene; 
2-pbenyl-I-propene) _________________ C,II" 0 34.7 34.9 44.8 53.5 60.7 66.8 71. 8 76.1 79.8 82.9 85.6 87.9 9.9 91. 6 

CIB-I-Propenyl benzene (ciB-t/-metbyl-
styrene; cis-l-pbonyl-I-propene) ______ C,R " 0 34.7 34.9 44.8 53.5 60.7 66.8 71. 8 76.1 79.8 82.9 85.6 87.9 89.9 91. 6 

trans-l-Propenylbenzene (trans-f3-
methylstyrene; trans-I-pbeny l-I -
propene) ______________________ ______ C,R " 0 34.9 35.1 45.2 54.0 61. 2 67.2 72.2 76.4 80.0 83.1 85.8 88.1 90.0 91. 7 

I-Metbyl-2-etbenylbenzene (o-methyl-
styrene) _____________________________ C,R " 0 34. 7 34.9 44.8 53.5 60.7 66.8 71. 8 76. 1 79. 82.9 85.6 87.9 89.9 91. 6 

I-Metbyl-3-etbonylbenzene (m-meth-
y lstyrene) ___________________________ C,II " 0 34.7 34.9 4l.8 53.5 60.7 66.8 71. 8 76.1 79.8 82.9 85.6 87.9 89. 9 91. 6 

I·Methyl-4-ethenylbenzene (p-metby l-
styrene) _________________ _____ ___ ____ C,B ,o 0 34.7 34.9 ~4. 8 53.5 60.7 66.8 71. 8 76. I 79.8 82.9 85.6 87.9 89.9 91. 6 
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IV. Heat of Formation, Free Energy of 
Formation, and Equilibrium Constant 
of Formation 

For the standard heat of formation from the 
elements at 25° C, values for the diolefins, C3 to 
C5, were obtained as follows: 1,3-Butadiene, from 
reference [27]; 1,2-butadiene, from reference [28]; 
propadiene, cis- and trans-1,3-pentadiene, and 1,4-
pentadiene, from combination of the data on heats 
of hydrogenation from references [36, 37] with the 
values for the heats of formation of the corres­
ponding paraffin hydrocarbons from reference [29]; 
by calculation, using the relations between energy 
content and molecular structure given in references 
129, 30, 31, 32, 33]. The values so calculated are 
believed to be uncertain by not more than about 
±0.75 kcal/mole. 

For the standard heat of formation from the 
elements at 25° C, values for styrene and the 
methylstyrenes were obtained as follows: 

Ethenylbenzene (styrene, vinylbenzene, or 
phenylethylene), from reference [28]; isopropenyl­
benzene (a-methylstyrene or .2-phenyl-1-propene), 
from reference [34]; cis-1-propenylbenzene (cis-{3-
methylstyrene or cis-1-phenyl-1-propene), trans-1-
propenylbenzene (trans-{3-methylstyrene or trans-
1-phenyl-1-propene), 1-methyl-2-ethenylbenzene 
(o-methylstyrene), 1-methyl-3-ethenylbenzene, 
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. (m-methylstyrene), and 1-methyl-4-ethenylben­
zene (p-methylstyrene) by calculation, using the 
relations between energy content and molecular 
structure given in references [29 , 30, 31, 32, 33]. 
The values so calculated are believed to be uncer­
tain by not more than about ± 0.75 kcal/mole. 

The method of calculating values of the standard 
heat of formation, the standard free energy of 
formation, and th.e logarithm of the equilibrium i 

constant of formation for the different tempera­
tures in the range 0° to 1,500° K , is the same as 
that described in section IV, 1, of reference [35]. 

The resulting values for the formation of the 
given hydrocarbon in the gaseous state, from the 
elements carbon (solid, graphite) and hydrogen 
(gaseous), each in its thermodynamic standard 
state, are presented in tables 11 to 16, inclusive, 
which give values of the following properties, for 
the C3 to ( \ diolefins, styrene, and the methyl­
styrenes, to 1,500° K: Heat of formation, free 
energy of formation, and logarithm of the equilib­
rium constant of formation. It should be noted 
that the uncertainties in the values for the penta­
dienes and the methylstyrenes are such as to make 
the values of the logarithm (to the base 10) of the 
equilibrium constants of formation for these com­
pounds uncertain by as much as 0.3 to 0.5, which 
is equivalent to a factor of 2 to 3 in the value of 
the equilibrium constant itself. 
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TABLE 11. F ai1ws of the heat. of formation, for the ideal gaseous state, to 1,5006 K , for the C3 to C5 diolefi,ns 

T emperature in 0 K 

Com pound (gas) Formula 0 298.16 I 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 

H eat of formation, tJ.Hr in kcal/mole 

Propadicn c (allcnc) __ ____________ C3R . 47. 70 45.92 45.91 45.35 44.85 44 .42 44 .03 43.71 43.44 4:3.23 43.06 42.94 42.84 
1 ,2-Butadicnc _____ __________ __ ___ c.n , 42.78 39.55 39.53 38.56 37.78 37.09 36.50 36.03 35.66 35.40 35.21 35. 10 35.0 1 
1,3-B utadiene ______ ________ C.H , 30.20 26.75 25. 83 25.80 25.12 24.53 nO.5 23.67 23.37 23. 17 23. 04 22.96 22.91 
l,2-Pentadienc ____ __ _______ ___ __ CliHg a9.32 34.80 34.79 33.61 32.72 31. 82 31. 21 30.68 30.28 30.09 29.96 29.84 29.93 
cis-l ,3-Pentadiene (cis-piperylene) C,lis 23.73 18. 70 18.69 17.29 16.16 15.27 14.49 13.97 13.52 13.19 13.04 12.93 12.91 

trans-I,3-Pentad iene (trans-p ip-
ery lene) __________ __ ____________ C,R s 23.39 18.60 18.59 17.39 16.42 15.59 14.92 14.43 14.08 13. 85 13.69 13.67 13.61 

l ,4-Pentadiene ________________ " ___ c,n s 29.63 25.20 25.19 24.04 23.01 22.25 21. 59 21. 00 20. S9 20.40 20.27 20. 15 20.24 
2,3-Pentadiene ____________________ C,R , 37. 77 33. 10 33.09 31. 78 30.65 29.67 28.76 28.25 27.83 27.54 27.30 27.21 27.21 
3-M ethy l-I,2-butacliene __________ C,R , 35.64 3 1. 00 30.96 29.76 28.72 27.90 27. 18 26. 60 26.15 25.91 25.72 25.68 25.73 
2-Methyl-l,2-butadiene (isoprene) _ CsRs 22.98 18. 10 18.09 16.90 16.01 15.24 14.66 14.18 13.8.5 13. 54 13.50 13.50 13.46 

T AB LE 12. FaTues of the free energy of f ormation, f or the ideal gaseous state, to 1,500° 1(, JOT the C3 to C5 diolefin s 

'r emperatu J'C in 0 J( 

Compound (ga,) Formula 0 I 298.16 I 300 I 400 I 500 I 600 I 700 I 800 I 900 I 1,000 I 1,100 I 1,200 I 1,300 

FI'ee energy of formation , tJ.Fr in k calfmole 

Propadiene (allene) ________ ..... __ C3R . 47.70 48.37 48.38 49.29 50.33 51. 48 52.68 53.93 55.23 56.50 57.86 S9.25 60.62 
1,2-Butadiene _____________ ._. ___ C ,R , 42.78 48.21 43.26 51. 32 54.60 58.03 61. 57 65.18 68.85 72.55 76.26 80.01 83.75 
1,3-Butadiene ___________________ (' ,R , 30.20 36.43 36.49 39.88 43.47 47.20 51. 02 54.90 58.82 62.78 66. 74 70. 72 74.70 
l,2-Pentadiene ____________________ CoR s 39. 32 50.29 50.38 55.77 61. 44 67.28 73. 21 79.27 85. 41 91. 53 97.70 103.85 109.96 
is- I,3-Pentadiene (cis-pipery lene) _ C,Rs 23.73 34.88 34.97 40.61 46.60 52. i7 59.09 65.44 71. 98 78.44 84.97 91. 50 98. J4 

truns-l ,3-Pentad iene (trans-p ip-
erylene) _ ____________________ C,R , 23.39 35.07 35.17 40.87 46.91 53.09 59.38 65. 74 72. 18 78. 70 85. 18 91. 64 98. 19 

1,4·Pen tadiene ______ _________ ___ C,R , 29.63 40.69 40. i 8 46.16 51. 85 57. 71 63.66 69.66 75.8 1 81. 94 88. 12 94.28 100.53 
2,3-Pentadiene _____________ _ C, H, 37.77 49.22 49.31 54.94 60.84 66.99 73. 27 79.64 86. I) 92.58 99.12 105.66 112.18 
3-Methyl- ) ,2-hutadiene _ ---- C5H , 35.64 47.47 47.57 53.29 59.3 1 65.46 71. 77 78.23 84. 70 91. 25 97.76 104.25 110.83 
2-Methyl-1 ,3-butadiene (i3oprene) c ,n , 22.98 34. 87 34.97 40.78 46.85 53.10 59.46 65.89 72. 40 78.89 85.43 91. 95 98. 56 

1,400 1,500 

42. i5 42. (;8 

35.00 34.99 
22.89 22. g9 
29.96 30. 0:1 
12.97 12.93 

c/ 
13.61 13.64 
20.27 20.34 
27. 15 27.28 
25.72 25.74 
13. 48 13.53 

I 1,400 I 1,500 

61. 98 63.3S 
87.50 91. 25 
78.67 82. 66 

116.16 122.22 
104.77 ]) 1. ]3 

104.71 111. 09 
106.61 112.83 
IIS.67 125.32 
1l7.38 123. 94 
105.00 111. 58 
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TABLE 13. Values of the logarithm of the equilibrium constant of formation, fo r the ideal gaseous state, to 1,500° K, for the C3 to Cs diolefins 

rr emperature in 0 K 

Compound (gas) Formula 0 I 298.16 I 300 I 400 I 500 I 60U I 700 I 800 I 900 I 1,000 I 1,100 
I 

1,200 I 1,300 I 1,400 

Loga rithm of equilibrium constan t of formation, loglO [(f 
-
Propadiene (allene) _________ ______ C3R, Infinite __ -35.4519 -35.2462 -26.9316 -22.0008 -18.7503 -16.4479 -14.7338 -13.4123 -12.3488 -11. 5024 -10. 7904 -10. 1907 -9.6747 
l,2-Butadiene _____________________ C,H, _ __ do ____ - 35.3377 -35.1597 - 28.0379 -23.8644 -21.1356 - 19.2218 - 17.8050 - 16. 71 81 - 15.8564 - 15.1512 -14.5710 -14.0790 -13.6600 
1,3-Butadiene _____________________ C,R, ___ do ____ -26.7004 - 26.5796 -21. 7868 -19.0023 -17.1941 -15.9302 -14. 9974 -14.2834 -13.7205 -13.2602 -12.8799 -12. 5573 -12.2809 
1,2-Pentadiene ____________________ C,R, ___ do ____ -36.861 -36.705 -30.469 -26.854 -24.507 -22.857 -21. 655 - 20.741 - 20.004 -19.412 -18. 913 - 18.486 -18.134 
cis-l ,3-Pentadiene(cis-piperylene) _ C,R, ___ do ____ -25.563 -25.477 -22.160 -20.367 -19. 221 -18.448 -17.877 -17.479 -17.142 -16. 882 -16.664 -16.499 -16.355 

trans-I,3-P en tadiene (trans-
piperylene) _____________________ C,R, ___ do ____ - 25.707 -25.624 -22.332 - 20.502 -19.337 -18.538 -17.959 - 17.528 - 17.199 - 16.924 -16.689 - 16. 507 -16.346 

1,4-Pentadiene ____________________ C,R, ___ do ____ -29.824 -29. 712 -25.219 -22. 663 -21. 021 -19.875 -19. 030 -18.410 - 17.908 -17.508 - 17.171 -16.901 -16.643 
2,3-Pentadiene __ __________________ C,R, ___ do ____ -36.074 -35.925 -30.017 -26.592 -24.401 -22.875 -21. 756 - 20. 910 - 20.233 - 19.693 - 19. 243 -18.859 - 18.526 
3-Methyl-l,2-butadiene ___ ____ ____ C,R. _ __ do ____ - 34.797 -34.657 - 29.114 -25.923 -23.843 -22.407 - 21. 371 - 20.568 - 19.942 - 19.423 - 18. 986 -18.632 - 18.324 
2-Methyl-l,3-butadiene(isoprene) _ C,R, __ _do ____ -25.560 -25.477 -22. 284 -20 476 -19.34 1 -18.563 - 18.000 - 17. 581 - 17.241 - 16.973 - 16.746 - 16 569 - 16.392 

TABLE 14. Values of the heat of formation, for the ideal gaseous state, to 1,500° K, for styrene, C8, and the methylstyrenes, Cg• 

Temperature in 0 K 

Compound (gas) Formula I 298. 16 I 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 

Rea t of formation , tJ.Hfo in keal/mole 

Ethenylbenzene (styrene; vinyl-
benzene; phenyletbylene) _____ __ O,H, 40.34 35.22 35.19 33.83 32.72 31.81 31.08 30.51 30.09 29.83 29.69 29.63 29.61 29.63 

lssopropenylbenzene (a-metbyl-
styrene; 2·pbenyl-I-propene) __ __ C ,R " 33.33 27.00 26.94 25.23 23.80 22. fm 21. 73 20.99 20.45 20.13 19.93 19. 90 19.83 19.95 

cis-I-Propenylbenzene (cis-~-Me -

thylstyrene; cis-I-phenyl-I-pro-
pene) __ ____ __________________ __ C,R" 35.33 29.00 28.94 27.23 25.80 24.66 23.73 22.99 22.45 22. 13 21. 93 21. 90 21. 83 21. 95 

trans-I-Propenylbenzene (trans-~-

methylstyrene; trans-I-phenyl-
l·propene) ______________________ C,R" 34.45 28.00 27.97 26.31 24. 92 23. 78 22.92 22.19 21. 66 21. 45 21. 27 21. 26 21. 21 21. 35 

1- Methyl- 2 - cthenylbenzene) (0-
methylstyrene ______ _________ ___ CpHI D 34.63 28.30 28.24 26.53 25.10 23.96 23.03 22.29 21 . 75 21. 43 2l. 23 21. 20' 21. 13 21. 25 

1- Methyl- 3 - ethenylbenzene (-m -
metbylstyrene) ________ _________ C,R" 33.93 27.60 27. 54 25.83 24.40' 23.26 22.33 21. 59 21.05 20. 73 20. 53 20'. 50 20. 43 20.55 

1- Metbyl - 4· ethenylbenzene (p. 
methylstyrene) __________ _______ C,R" 33.73 27.40' 27.34 25.63 24 . 20 23. 0'6 22.13 21. 39 20.85 20.53 20. 33 20. 30' 20.23 20.35 

-----

-1 __ 

I 1,500 

-9.2306 
-13.2943 
- 12.8070 
-17.044 
-16. 191 

-16.185 
- 16.439 
-18.259 
-18. 058 
- 16.257 

I,SOO 

29.68 

19.93 

21. 93 

21. 35 

21. 23 

20. 53 

20.33 

,--
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'I'ABLE 15. tT alues of the free energy of formation, for the ideal gaseous state, to 1,500° K , fOl' styrene, Cs, and the methyistyrenes, Cg 

rr emperature ill 0 K 

Compound (gas) Formula I 298. 16 
I 

300 400 500 500 700 BOO 900 1,000 1,100 1,200 1,300 1,400 1,500 

Free energy of formation, c.Fr in kealjmole 
---- -

Etbenylbcnzen(\ (styrene; vinyl-
benzene; phenylethylene) __ _____ CsR s 40.34 51.10 51. 20 56.74 62.61 68.67 74.87 8l.J6 87.53 93.92 100.33 106.77 113.19 119.60 126.03 

l sopropenylbenzene (a-methyl-
styrene; 2-phenyl-l-propen e) ____ C,R" 33.33 49.84 49. 99 57.90 66. 26 74.85 83.60 92.51 101. 51 110.56 119.53 128.66 137.72 146.82 155. 85 

cis-l-Propenylbenzene (cis-li-
methylstyrene; cit-I-phenyl-J -
propene) __ ____ ___ __ _________ __ __ C,R " 35.33 51. 84 51. 99 59.90 68.26 76.85 85.60 94.51 103.51 112.56 121. 53 130.66 139.72 148.82 157.8.5 

trans-I-Propenyl benzene (trans-li-
meth ylstyrene; trans-I-phenyl-
I -propene) ________________ C,R " 34.45 51. 08 51. 23 59.22 67.63 76.27 85.07 94.03 103.08 112.08 121. 20 130.26 139.36 148.36 157.5i 

I-M etbyl-2-etbenylbenzene (0-
metbylstyrene) _____ ______ : _____ C,H IO 34. 63 51. 14 51. 29 59.20 67.56 76.15 84.90 93.81 102.81 Ill. 86 120.83 129.96 139.02 148.12 157. H 

I-Metbyl-3-ethenylbenzene (m-
methylstyrene) __ ~ __ ___________ CI/R IO 33.93 50.02 50.17 57. 94 66.16 74.61 83.22 91.99 100.85 109.76 118.59 127.58 136. 50 145.46 154.3, 

I-Metbyl-4-etbenylbenzen e (p-
metbylstyrene) ____________ __ __ . aI/RIO 33.73 50.24 50.39 58.30 66.66 75.25 84.00 92.91 101. 91 110.96 119.93 129.06 138. 12 147.22 J56. 2' 

---- -

T ABLE 16. Values of the logarithm of the equilibrium constant of formation , for the ideal gaseous state, to 1,500° K, for styrene, Cs, and the methylstyrenes, C9 

T emperature in 0 K 

Com pound (gas) F ormula 0 I 298.16 I 300 I 400 I 500 I 600 I 700 I 800 I 900 I 1,000 I 1,100 I 1,200 I 1,300 I 1,400 I 1,500 

JJogarithm of equilibrium eOl~<tant of formation, 10qlO Kf 
--' 

Etbenylbenzene (styreqe; vinyl- CsH , ____ lniinite. _ -37.4532 -37.2963 -31.0030 -27.3649 -25. 0117 -23. 3762 -22.1729 -21.2543 -20.5264 -19. 9330 - 19.4456 -19.0295 -18. 6705 -J8. 3630 
benzene; pben yletb ylene) . 

l sopropenylbenzene (a-metbyl- CgH Jo ___ ___ do ____ -36.531 -36.416 - 31. 636 -28.963 -27.266 -26.101 -25. 272 -24.649 -24.162 -23.749 - 23.433 -23.153 -22.919 -22.707 
styrene ; 2-pbenyl-l-propene) . 

cis -I-Propenyl benzene (cis-li- C,H I• __ __ do ___ _ -37.998 - 37.874 -32.729 -29.837 - 27.994 -26. 726 -25. 818 -25. 134 -24.600 -24.146 -23.797 -23.490 -23. 231 -22.998 
metbylstyrene; cis-I-pbenyl-l-
propene. 

trans-l-Propcnylbenzenc (trans- C~HIO __ ___ do __ ___ -37.440 -37.320 -32.357 -29. 562 -27.783 -26. 560 -25.687 -25.030 -24.495 -24.081 -23.724 -23.429 -23. 159 -22.958 
Ii-methylstyrene; trans-
I-phenyl-I-propene). 

I-Methyl-2-ethenylbenzene (0- C,HI• ___ ___ do ___ __ - 37.484 - 37.364 - 32.346 -29. 531 -27. 739 -26.560 -25.627 -24.965 -24. 446 -24.007 -23.670 -23.352 -23.122 -22.896 
metby lstyrene) . 

l-Methyl-3-ethenylbenzene (m- C,H I• __ ___ do _____ - 36.665 -36. 548 - 31. 658 - 28. 919 -27.178 - 25.982 -25.130 -24.488 -23.988 -23. 562 -23.236 -22.948 -22.706 -22.488 
mctbylstyrene). 

I-Methyl-4-ethenylbenzene (p- C,HI ._ . _ __ do _____ - 36.825 -36. 708 -31. 855 -29.138 -27.411 -26.226 -25.381 -24.746 -24.250 -23.828 -23.506 -23.220 -22.981 -22.765 
metbylstyrene) . 

------------------------------------



v. Free Energies and Equilibria of Some 
Reactions of Isomerization and 
Dehydrogenation 

In figure 1 are plotted, as a function of tempera­
ture, for the two butadienes, the amounts , in mole 

TEMPERATU RE IN °C 

w 
z w 
0 
>! 
:::> 

'" I 

~ 

0 .6 

z 
0 
i= 
t) 0 .5 « a: 
IJ.. 

W 
-l 

".4 0 
:::;; 

TEMPERATURE IN OK 

FIGURE 1. Equilibrium concentrations of the two butadienes. 

Tbe scale of ordinates measures the amount in mole fraction, and the scale 
of abscissas gives the temperatme in degrees Kelvin and degrees Centigrade. 
'I' be vertical wid th of a band at a given tern peratnre measures tbe mole fraction 
of the given isomer present at eq uilibrium with :til of its otber isomers in tbe 
gaseous state. 

fraction, of each of the isomers present at equilib­
rium with the other isomer in the gaseous state. 
The corresponding numerical values are given in 

"-
table 17. ' 

In figure 2 are plotted, as a function of t emper­
ature, for the seven pentadienes, the amounts, in 
mole fraction, of each of th e isomers present at 
equilibrium with the other isomers in th e gaseous 
state. The corresponding numerical values are 
given in table 18. 
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FIGURE 2. Equilibrium concentrations of the seven 
pentadienes. 
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c 
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The scale of ordinates measu res the amonnt in mole fraction, and the scale 
or abscissas gives the temperalure in degrees Kelvin and degrees Centigrade. 
'rhe vertical width of a band a t a given temperature measures t he moJe frae· 
t ion of the given isomer present at equilibrium with all of its other isomers in 
the gaseous state. 

TABLE 17. Equilibrium concentrations of the two butadienes 
in the ideal gaseous state to 1,500° K 

Tern perature 

Composition, in mole fraction 
of the mixture of isomers at 
at equlibrinm 

1,2-Bu tadiene 1,3-Butadiene 
-------------------------1-------------------

OJ( 
298_16 _____________ _____ ___________ _ 
300 _______ __ ________________________ _ 
400 ____________ ________________ ____ _ _ 
500 ____________ ___ _________________ _ 
600 _____ ______ ______________________ _ 

700 _____________________________ ____ _ 
800 ______________________ ___________ _ 
900 ______________ ___________________ _ 
1,000 ________ _________ . _____________ _ 
1,100 ___________ ____ ___________ _____ _ 

1,200 ________ " _______ ______________ _ 
1,300 __________________________ _____ _ 
1,400 __________________________ ___ __ _ 
1,500 _________________ . _____ ________ _ 

0. 000 
.000 
.000 
_000 
.000 

.001 

. 002 

.004 

.007 

.013 

. 020 

.029 

. 040 

. 053 

1.000 
1. 000 
1. 000 
1_000 
1.000 

.999 

.998 

.996 

.993 

.987 

.980 

.971 

.960 

.947 
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TABLE 18. E quilibriuln concentrations of the seven pentadienes in the ideal gaseous state to 1,500° J( 

Composition, in mole fraction, of the mixture of isomers at equj li briulll 

Temperature 
1,2·Pelltadiene 

OJ( 
298.16 ___ _________ ____ ____ ______ ___ _____ __ 0.000 
300 __ ________ __ ____ ___ _____ _______________ .000 
400 ___ _______ __ ____ ____ ___________ __ ______ 

.000 
500 ________ __________ ________ ________ ____ _ .000 
600 ___________ __ _____________ __ ____ __ __ ___ .000 

700 _____ __________________ __ ___________ ___ 
. 000 

800 ____ ___ _____________ ____ _______________ .000 
900 ________________ .. _________ .... ________ . 000 

1000 _________ _________ ________ __________ ___ .000 
1100 ________ .. _______ _______________ _______ .001 

1200 __ --------- - -.-- - --------.-- - ---- . -.--- .002 
1300 __ ----------------- - ----- . - - -.------- - - .003 
1400 ____ __ _____ __ __ .. ______ .. _ .... _____ .. .. . 005 
1500 ___ .. __ .. _____ _____________________ __ __ .007 

TEMPERATURE IN °C 
o 200 400 600 800 1000 

.----PROPAOIENE · PROPYNE 

cis-l ,3-
Pentadiene 

0.367 
.369 
.396 
.398 
.394 

.382 

.377 

.357 

. 351 

.338 

.323 

.308 

.286 

.287 

1200 

O~~~====~----------------~~ 
~' .2-PENTAOIENE • 1- PENTYNE 

- I 1.2 - BUTAOIENE = 1- BUTYNE 

-2 

- 3 

x: 
2 --4 

'" .2 

-9 

200 

1.3-BUTAOIENE . 2- BUTYNE 

ci. - 1.3 - PENTAOIENE · 2 - PENTYN E 

- --- trons -I.3-PENTAOIENE . 2-PENTYNE 

400 

ISOMERIZA TlON 

OIOLEFIN • A L KY NE 

CnHan-a = en H.n_1 

600 800 1000 1200 
TEMPERATURE IN OK 

1400 J600 

FIGURE 3. Dehydrogenation of monoolefins to diolefins. 

'rhe scale of ordinates gives the value of the logarithm (to the base 10) 0 
the equilihrium constant for the reaction of clehydrogenatingagiven monoole' 
fin to a given diolefin, in the gaseous state. The scale of abscissas gives the 
temperature in degrees Kelvin. 'rhe several curves rerer to the following 
reactions in the gasesous state: A, Propylene= propadiene+hydrogen ; B, 
I-butene=I,3-butadiene+hydrogen; C, cis-2-butene=1,3-butadiene+hydro­
gen; D, trans-2-butcne=1,3-butadiene+hydrogen; E, isobutene=I,3-buta­
diene+bydrogen. 
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:><: 
o 

i 

0.263 0.000 0.000 0.000 
. 262 . 000 .000 .000 
.285 . 000 .000 .000 
.291 . 002 .000 . 000 
. 301 .006 .000 .000 

.311 .014 .000 .000 

. 312 . 027 .000 .000 

.319 . 042 .000 .000 

.308 .060 .000 .001 

.306 .080 .001 .001 

. 305 . 100 .001 .002 

.302 . 122 .001 .002 

.293 . 148 .002 . 003 

.291 . 162 0035 .004 

TEMPERATURE IN °C 
o 200 400 600 BOO 

DEHYDROGENATI ON 

0.370 
.369 
.319 
.309 
.299 

. 293 

.284 

.282 

.280 

.274 

.267 

.262 

.263 

.246 
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{~ 
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O~----------------~~~~--______________ ~ 

- 5 

ETHYLBENZENE • STYRENE + HYDROGEN 

ISOPROPYLBENZENE: 0( - METHYLSTYRENE 
+HYDROGEN 

C. ISOPROPYL8ENZENE =CIS-I!- METHYLSTYRENE 
+HYDROGEN 

O. ISOPROPYL8ENZENE. TRANS-<I- METHYLSTYRENE 
. +HYOROGEN 

-1 0 

E. I- METHYL 2-ETHYLBENZENE -O-METHYLSTYRENE 
+HYDROGEN 

F. I-METHYL 3-ETHYLBENZENE. m-METHYLSTYRENE 
+HYDROGEN 

G. I-METHYL 4-ETHYL8ENZENE . p - METHYLSTYREN 
+HYDROGEN 

B. .. 
0 ... 
c, .. 

A.E.F.G" 

200 400 600 BOO 1000 1200 1400 160 0 

TEMPERATURE IN OK 

FIGURE 4. I somerization of diolefins to acetylenes. 

The scale of ordinates gives thc value of the logarithm (to the base 10) of' 
the eq uilibrium constant for the reaction of isomerization of a given diolcfin 
to a given acetylene bydrocarbon, in tbe gaseous state. 'rhe scale of abscissas. 
gi ves the temperaturc in degrecs Kel v in. The several curves are for the follow­
ing reactions in the gaseous state, as indicated: Propadiene=propync; 1,2 .. 
butadieue=l-butyne; 1,2-pentadiene=l-pentyne; 1,3-butadiene=2-butyne; 
cis-l.3-pentadienc=2·pentyne; trans-l,3-pentadiene=2-pentyne. 
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TABLE 19. Equilibrium concentrations of the six methylstyrenes in the ideal gaseous state to 1,500° K 

Composition , in mole fraction, of the mixture of isonlers, at equilibrium 

Temperature ---------------~-------,-------,-------,-------

a·Methylsty· cis-/l-Methyl· trans·/l·Me· I o·Methylsty· m·Meth ylsty· p·Methylsty· 
rene styrene tbylstyrene rene rene rene 

Z 
0 

t 
<! 
cr 
LL 

W 
...J 
0 
:::!: 

OJ( 
298.16 ______ . ___________________________________________ _ 
300 ______ __ ____ ___ __ ___ ______ __ ______ __ __ ___ ____________ _ 
400 _____________ _______ __ _____________________ . ____ _____ _ 
500. _______ . _______ . _____ . ______________________________ _ 
GOO ______ ________ ___________ _____ __ . ___ . _______ _________ _ 

700 _______ _________________________________ . ____________ _ 
SOO ________ ____ ____________ _________ ____________ _______ •. 

900 ___ . ____________ . ___ ___ ___ _________ ___________ ____ ___ _ 
1,000 _________________________ . ______ . ____ ____________ ____ _ 
1,100 ________ • _______________________ ._. ____________ . _____ . 

1,200 _______________________ . _______________ ____ _____ _____ _ 
1,300 _________________________ . ___________________________ _ 
1,400 ___________________________________ _________________ _ _ 
1,500 _. __________ . ___ . ________ .. _____ ________________ ___ ___ _ 

TEMPERATURE IN °C 

0 .4 

0 .3 

TEMPERATURE IN OK 

0.414 
.396 
.329 
. 292 
. 265 

.247 

.234 

. 224 

.215 

.208 

.202 

. 198 

. 192 

. 191 

FIGURE 5.-Equilibrium concentrations of the six 
methylstyrenes . 

The scale of ordinates measures the amount in mole fraction, and the scale 
of ahscissas gives the temperature in degrees Kelvin and degrees Centigrade. 
'rhe vertical width of a hand at a given temperature measures tbe mole frac­
tion o[ the given isomer present at equilihrium witb all of its other isomers in 
the gaseous state. 
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C. __ B. I-BUTENE = 1,3- BUTADIENE + HYDROGEN 
E __ 
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E. ISOBUTEN E = 1,3-BUTADIENE + HYDROGEN 
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200 400 600 800 1000 1200 1400 1600 

TEMPERATURE IN 0 K 

FIGURE 6. Dehydrogenation of alkylbenzenes to 
con'esponding styrenes. 

Tbe scale of ordinates gives the value o[ the logarithm (to the base 10) of 
the equilibrium constant for the reaction of debydrogenating a given alkyl· 
benzene to a corresponding styrene, in the gaseous state. The scale o[ absiccas 
gives the temperature in degrees Kelvin. The several curves refer to the follow· 
ing reactions in the gaseous state: A, Etbylbenzene=styrene+hydrogen; 
B, isopropylhenzene = a -metbylstyrene+hydrogen; C, isopropylbenzene= 
cis·/l·methylstyrene+bydrogen; D, isopropylbenzene=trans'/l-metbylsty­
rene+hydrogen; E, 1-methyl-2-ethylbenzene=o-methylstyrene+hydrogen; 
F, 1·methyl-3-ethylbenzene=m-lllethylstyrene+hydrogen; G, l-methy1-4-
etbylbenzene=p-methylstyrene+bydrogen. 
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In figure 3 are plotted, as a function of tempera.­
ture,\valucs of the logarithm of the equilibrium 
constant for the reactions of dehydrogenation of 
propylene to propadiene and of cach of the four 
butencs to 1,3-butadiene. 

In figure 4 are plotted, as a function of tcmpera­
ture, values of the logarithm of the equilibrium 
constant for the reactions of isomerization of 
propadiene to propyne, 1,2-butadiene to l-butyne, 
1,2-pentadiene to l-pentyne, 1,3-butadiene to 
2-butyne, cis-1,3-pentadiene to 2-pentync, and 
trans-l ,3-pcntadiene to 2-pcntyne. 

In figure 5 are plotted, as a function of tempera­
ture, for the six methylstyrenes, the amounts, in 
mole fraction , of each of the isomers present at 
eq uilibrium with the other isomers in the gaseous 
stat e. Th e corresponding numerical values are 
given in table 19. 

In figure 6 are plottcd, as a function of tempera­
ture, values of th e logarithm of the equilibrium 
constant for the reactions of dehydrogenation of 
ethylbenzene to styrene, isopropylbcnzenc to 
a-methylstyrene, isopropylbenzene to cis-tJ-meth­
ylstyrene, isopropylbenzene to trans-tJ-methyl­
styrene, I-methyl-2-ethylbenzene to o-methyl­
styrene, 1-methyl-3-ethylbenzene to m-methyl­
styrene, andl-methyl-4-ethylbenzene to p -methyl­
styrene. 

Aclmowledgment is gratefully made to William 
WeItner for assistance in the calculations of the 
thermodynamic functions of the allenc-type 0 4 

and 0 5 diolefins, and also to H elene G. Werner, 
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