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ABSTRACT

Values are presented for the heats of formation and the free energies of forma-
tion, from solid carbon (graphite) and gaseous hydrogen, of all the normal paraffin
hydrocarbons and of the isomeric paraffins from the butanes through the octanes,
in the gaseous state, to 1,500° K.
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I. INTRODUCTION

This paper presents new values for the heats and free energies of
formation, from solid carbon (graphite) and gaseous hydrogen, of
cach of the 40 paraffin hydrocarbons from methane through the
octanes, and of the higher normal paraffins, in the gaseous state, to
1,500° K.

II. UNIT OF ENERGY AND MOLECULAR WEIGHTS

The unit of energy used in this paper is the conventional thermo-
chemical calorie defined as follows [1].2

1 calorie=4.1833 international (NBS) joules.

The molecular weights were calculated from the values given in
the 1941 table of International Atomic Weights [2].

1 This investigation was performed at the National Bureau of Standards jointly by the Thermochemical
Laboratory and the American Petroleum Institute Research Project 44 on the “Collection and Analysis
of Data on the Properties of Hydrocarbons.”’ 3 3

2 Consultant to the American Petroleum Institute Research Project 44 Professor of Chemistry, Univer-
sity of California, Berkeley, Calif.

8 Figures in brackets indicate the literature references at the end of this paper.
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III. METHOD OF CALCULATION

Values of AHf®, the increment in heat content for the reaction
of forming the given hydrocarbon in the gaseous state, from the
elements carbon (solid, graphite) and hydrogen (gas), with the react-
ants and the product in their appropriate thermodynamic standard
states, at 0° K, were calculated by combining values of AHfs 16
with values of g 14—H®, for the appropriate compounds, by means
of the relation *

AHfoo=AHf°298.16_A(H°298.15"‘H°o), (1)

where the last term on the right is the value of H g 15— H®, (the heat
content at 25° C less that at 0° K) for 1 mole of the gaseous hydro-
carbon less that of » moles of solid carbon (graphite) and (n-1)
moles of gaseous hydrogen (the molecular formula of the hydro-
carbon being C,Hj,,).

Values of AHf° for the other temperatures were then systematically
calculated by means of the relation

AHfO = AHf+ A (HO— Hy). @)

Values of AFf°, the increment in free energy for the reaction of
forming the given hydrocarbon in the gaseous state, from the elements
carbon (solid, graphite) and hydrogen (gas), with the reactants and
the product in their appropriate thermodynamic standard states at
the given temperature, were calculated by combining values of AHf;
with appropriate values of (F#°—H;)/T, the free-energy function, by
means of the relation

AFf°=AHfo+TAF°—H)/T, (3)

where the last term on the right is the value of the product of the
absolute temperature and A(F°—I;)/T, the free energy at the given
temperature less the heat content at 0° K, divided by the absolute
temperature, for 1 mole of the gaseous hydrocarbon less that of =
moles of solid carbon (graphite) and (n+41) moles of gaseous hydro-
gen (the molecular formula of the hydrocarbon being C,Hy, ).

IV. DATA USED IN THE CALCULATIONS

The data used in the calculations include the following:

Values of the heat of formation, AHf°, for the gaseous hydrocarbons
at 25° C are taken from reference [4].

Values of the heat content at a given temperature less that at 0° K,
H°—H;, and of the free-energy function, (¥°—Hg)/T, for the gaseous
hydrocarbons, are taken from the following sources: For methane,
from reference [5]; for ethane, propane, n-butane, n-pentane, n-hex-
ane, n-heptane, n-octane, and the higher normal paraffins, from refer-

4 The usual convention is followed of letting the subscript denote the absolute temperature. The super-
seript denotes the thermodynamic standard state. See reference [3].



Heats and Free Energies of Formation 405

ence |6]; for isobutane, isopentane, and neopentane, from reference [7];
for the difference between m-hexane and its isomers and between
n-heptane and its isomers, from reference [8]; for the isomeric octanes,
from references [7] and [9]. Values of the foregoing properties for
several of the intermediate temperatures were calculated by W. J.
Taylor of this Bureau in connection with the work of the American
Petroleum Institute Research Project 44.

V. RESULTS OF THE CALCULATIONS

The resulting values ° of the heat of formation, AHf°, are given in
table 1. The resulting values ® of the free energy of formation, AFf°,
are given in table 2.

Et The ﬁ?certaimy in the values for 2,3-dimethylhexane may be several times that for the other isomeric
octanes [4].



TABLE 1.—Values of the heais of formation of the paraffin hydrocarbons in the gaseous state to 1,500° K

Temperature in ° K

Compound (gas) 0 208.16 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500

AFHJ° in keal/mole

0T ST R RAE S S} —15.987 | —17.889 | —17.903 | —18.629 | —19.302 —19.893] —20.401) —20. 823l —21.166] —21.43 | —21.65 | —21.79 | —21.92 | —22.00 | —22.06
Hthane: e il lres —16.517 | —20.236 | —20.258 | —21.419 | —22.437| —23.28 | —23.98 | —24.53 | —24.97 | —25.28 | —25.50 | —25.64 | —25.72 | —25.75 | —25.73
L SR RE S I —19.482 | —24.820 | —24.848 | —26.358 | —27.622| —28.66 | —20.49 | —30.12 | —30.568 | —30.90 | —31.09 | —31.16 | —31.19 | —31.14 | —31.06
L RS RS e, ¢ —23.332 | —20.812 | —29.847 | —31.629 | —33.128 —34.33 | —35.28 | —36.00 | —36.54 | —36.88 | —37.06 | —37.11 | —37.05 | —36.95 | —36.79
2-Methylpropane._...._......... —24.602 | —31.452 | —31.489 | —33.303 | —34.783| —35.97 | —36.91 | —37.61 | —38.10 | —38.42 | —38.57 | —38.58 | —38.54 | —38.43 | —38.28
fneRentane: o0 S0 ia. e uice —27.27 | —35.00 | —35.04 | —37.12 | —38.86 | —40.25 | —41.34 | —42.16 | —42.75 | —43.10 | —43.26 | —43.27 | —43.18 | —42.99 | —42.74

—28.66 | —36.92 | —36.96 | —39.07 | —40.78 | —42,12 | —43.17 | —43.94 | —44.47 | —44.80 | —44.92 | —44.88 | —44.78 | —44,58 | —44.36
—31.30 | —39.67 | —39.71 | —41.77 | —43.42 | —44.67 | —45.63 | —46.29 | —46.73 | —46.96 | —47.01 | —46.90 | —46.70 | —46.42 | —46.12

—48. 47

2-Methylbutane....
2, 2-Dimethylpropane. .

m-Hexane______
2-Methylpentane.
3-Methylpentane.
2,2-Dimethylbuta:

2,3-Dimethylbutane ... —32.82 | —42.49 | —42.54 | —44.81 | —46.59 | —47.93 | —48.92 | —49.65 | —50.23 | —50.65
p-Heptariessiel o Lo S : —44.89 | —44.94 | —47.60 | —49.83 | —51.58 | —52.93 | —53.94 | —54.63 | —55.01

2-Methylhexane.
3-Methylhexane.

—30.98 | —39.96 | —40.01 | —42.38 | —44.36 | —45.93 | —47.15 | —48,06

3-Ethylpentane_ . _._.._ 2 —46,34="1" —46.40 —48. 15 —50.40 | —52.12 | —53.43 | —54.41 | —55.11 | —55.56 |-
2,2-Dimethylpentane__. —49.29 | —49.35 —52.02 | —b54.14 | —55.72 | —56.87 | —57.69 | —58.25 | —58.56 |-
2,3-Dimethylpentane... —47.62 | —47.68 —50.39 —52.56 | —54.21 | —55.43 | —56.35 | —57.01 | —57.45 |_
2,4-Dimethylpentane... —48.30 —48.36 —51.02 | —83,13 | —54.70 | —55.85 | —56.69 | —57.27 | —57.64 |.
3,3-Dimethylpentane. —48. 17 —48.23 —50.88 —52.98 | —54.54 | —55.67 | —56.46 | —56.98 | —57.28 |.
2,2,3-Trimethylbutane —48. 96 —49.02 | —51.64 —03.69:1 =00, 1971 "— 68, 2551 —6E 011 —57062 | ‘—06a83 e -2
nfotane e s oA d S e —49.82 | —49.88 —52.83 —55.30 | —57.23 | —58.71 | —59.81 | —60.57 | —60.96
2-Methylheptane. —51.50 | —51.56 —54.49 —56.87 | —58.67 | —60.04 | —61.13 | —61.91 | —62.19 | ...

3-Methylheptane.
4-Methylheptane.
3-Ethylhexane___
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3,4-Dimethylhexane__.
2-Methyl-3-ethylpenta
3-Methyl-3-ethylpentane
2,2,3-Trimethylpentane
2,2,4-Trimethylpentane .
2,3,3-Trimethylpentane.
2,3,4-Trimethylpentane._ _
2,2,3,3-Tetramethylbutane_____

n-Decane____.
n-Undecane...
m-Dodecane...
n-Tridecane..

n-Tetradecane. .
n-Pentadecane._ .
n-Hexadecane. ..
n-Heptadecane..
n-Octadecane___
n-Nonadecane.
SEIICENRNOt S T el

—50.91

—125.01
—5. 648

—65. 68
—71.585
—77.42
—83.29
—89.17
—95.04
—100. 91
—106.78
—112.65
—118. 52
—124.39
—130. 26

—5.871

—78.35
—84,28
—90. 20
—96.13
—102. 06
—107.99
—113.91
—119. 84
—125.77
—131. 69

—5.927

—108. 48
—114. 42
—120.37
—126.31
—132.25

—5. 941

—126.28
—132. 21

—5.927

—124.85
—130. 68

—5. 830
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TABLE 2.—Values of the free energies of formation of the paraffin hydrocarbons in the gaseous state to 1,500 °K

Temperature in °K

Compound (gas) 0 208. 16 300 400 500 600 700 800 900 1,000 1,100 1, 200 1,300 1,400 | 1,500
AFf° in kcal/mole

Methanes.. = Loodo- o S im el —15.987 | —12.140 | —12.105 | —10.048 —7.841 —5.49 —3.05 —0.55
e v AR P —16.517 | —7.860 | —7.785 | —3.447 1.168 5.97 10.90 15.92
Propangs s S o S v —19. 482 —5.614 —b5. 541 1.191 8.230 15. 50 22.93 30.45
NTROLATE et st 0 2 S T s —23.332 —3.754 —3. 595 5.435 14. 868 24,59 34. 50 44. 50
2-Methylpropane ..___..______ —24.602 | —4.296 | —4.127 5.273 15.088 25.18 35. 44 45.82
R-Pentane. . o ol Us i : —1.96 —1.76 9. 66 21.57 33.79 46,22 58.77
2-Methylbutane 3 —3.50 —3.38 8.26 20.29 32. 66 45.19 57.84
2,2-Dimethylpropane ... _______ —31.30 —3.64 —3.42 8.99 21.89 35.08 48. 46 61.93
nEHexpne:.: IR AT —30. 98 0.05 0.30 14.11 28. 46 43.18 58.13 73.21
2-Methylpentane.._.___.__. —32.03 —0.96 —0.71 13.25 27.79 42.72 57.88 73.15
3-Methylpentane_.______.___ —31.36 —0.29 —0.04 13.94 28. 50 43.45 58. 62 73.89
2,2-Dimethylbutane . ______ —34.52 —2.35 —2.09 12.30 27. 30 42. 69 58.29 73.97
2,3-Dimethylbutane _______ —32.82 —0.73 —0.47 13.81 28.67 43.92 59.38 74.94
—34.65 2.09 2.38 18. 58 35.39 52.60 70. 08 87.70

—35.77 0.98 1.27 17.61 34. 60 52.01 69. 67 87.47

______ —34.96 1.10 1.39 37.67 34.40 51. 68 69. 21 86. 87

3-Ethylpentane _____________.___ —34.10 2.59 2.88 19. 36 36. 52 54.15 72.06 90. 09
2,2-Dimethylpentane - —38.00 0.09 0.39 17.33 34.95 53.01 71.33 89.73
2,3-Dimethylpentane . —36.29 0.16 0.45 16. 83 33. 90 51.43 69. 24 87.17
2,4-Dimethylpentane _ —36. 98 0.72 1.02 17.81 35.28 53.19 71.37 89. 66
3,3-Dimethylpentane . —36. 92 0.63 0.93 17. 64 35.02 52. 84 70.92 89.10
2,2,3-Trimethylbutane ...._____ —37.57 0.76 1.06 18.06 35.75 53. 87 72.24 90.72
ok, AR O VAR A 1 —38.33 4.14 4.47 23. 06 42,32 62.03 82.03 | 102.17
2-Methylheptane - .| —39.42 3.06 3.39 22.14 41.58 61.47 81.63 | 101.88
3-Methylheptane - __ -.| —38.64 3.29 3.62 22.21 41. 50 61.27 81.31 101. 44
4-Methylheptane . _.| —38.43 4.00 4.34 23.12 42. 62 62. 61 82.88 103.23
3-Ethylhexane ._____ --| =387.71 3.95 4,28 22.94 42.39 62. 37 82.64 | 102.98
2,2-Dimethylhexane .___________ —41.23 2. 56 2,91 22.18 42.20 62.71 83.48 104.30
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2,3-Dimethylhexane .___________
2,4-Dimethylhexane ._._________
2,5-Dimethylhexane __._________
8,3-Dimethylhexane _._________
3,4-Dimethylhexane ____________
2-Methyl-3-ethylpentane_______
3-Methyl-3-ethylpentane_______
2,2,3-Trimethylpentane ________
2,2,4-Trimethylpentane ________
2,3,3-Trimethylpentane ________
2,3,4-Trimethylpentane ._______
2,2,3,3-Tetramethylbutane - ___

n-UnRdecane. . .. . . _.g - - =
N=Dodeeane. - ... i
f-DEldecamos - . T o i
n-Tetradecane__________________
n-Pentadecane_________________
n-Hexadecane . - _.__.._._.._.__
n-Heptadecane . _______________
n-Octadecane. .. .__._.__________
n-Nonadecane 2
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105. 56
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105. 94
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116. 66
131. 14
145.63
160. 11
174. 59
189. 08
203. 56
218.04
232. 53
247.01
261. 49
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14.484
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Figure 1 is a plot that shows the thermodynamic stability, per
carbon atom and with respect to the elements solid carbon (graphite)
and gaseous hydrogen, of the normal paraffin hydrocarbons in the
gaseous state as a function of the temperature. This plot shows the
thermodynamic stability, per carbon atom, with respect to the ele-
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Ficure 1.—Thermodynamic stability of the normal parafin hydrocarbons ¢n the

gaseous state as a function of temperature.

The scale of ordinates gives the value of (1/n) (AFf°/T) in calories per degree mole, where 7 is the number of
carbon atoms per molecule, 7'is the absolute temperature in degrees Kelvin, and A Ff° is the standard
free energy of formation of the hydrocarbon from the elements, solid carbon (graphite) and gaseous hy-

drogen, as given in table 2. The scale of abscissas gives the temperature in degrees Kelvin.
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ments, of the normal paraffin hydrocarbons in the gaseous state.
Points below the zero line indicate that the gaseous hydrocarbon in
its standard state has a thermodynamic tendency to be formed from
solid carbon (graphite) and gaseous hydrogen in their respective
standard states.

Plots showing the relative stability of n-butane and isobutane, the
3 pentanes, the 5 hexanes, the 9 heptanes, and the 18 octanes, are
given in references [9 and 10].
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NATIONAL BUREAU OF STANDARDS,
Send me the Mathematical Tables marked X below.
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MATHEMATICAL TABLES

Attention is invited to a series of publications prepared by the Project for the Computation of
Mathematical Tables conducted by the Federal Works Agency, Work Projects Administration for
the City of New York, under the sponsorship of the Naticnal Bureau of Standards. The tables
which have been made available through the National Bureau of Standards are listed below. A
list of other WPA tables obtainable elsewhere will be sent by the Bureau on request.

There is included in this list a publication of the hypergecmetric and Legencre functicns (MT15),
prepared by the Bureau.’

L]
MT1. Tasre or THE First TeN Powers oF THE INTEGERs FroM 1 TO 1,000: (1938) VIII+ 80 pages;
heavy paper cover. Out of print.

MT2. Tastes or THE ExpoNenTiaL Function e#: The ranges and intervals of the argument and
the number of decimal places in the entries are given below:

Range of x Interval of x Decimals given
—2. 5000 to 1. 0000 0. 0001 18
1. 0000 to 2. 5000 . 0001 15
2. 500 to 5. 000 . 001 15
5.00 to10.00 .01 12

(1939) XV --535 pages; bound in buckram, $2.00.

MT?3. Tasres or CircuLar aAND Hypersoric Sives anp Cosines rorR Rapian ArcuMments: Cone
tains 9 decimal place values of sin x, cos x, sinh x, and cosh x for x (in radians) ranging from
0 to 2 at intervals of 0.0001. (1939) XVII+ 405 pages; bound in buckram, $2.00.

MT4. Tasres or Sines AND Cosines FOR Rapian Arcuments: Contains 8 ecimal place values of
sines and cosines for radian arguments ranging from O to 25 at intervals of 0.C01. (1940) XXIX
-+ 275 pages; bound in buckram, $2.00.

MTS5. Tasres or Sing, CosiNe, AND ExpoNeNTIAL INTEGRALS, VOLumE I: Values of these functions

to § places of decimals from 0 to 2 at intervais of 0.0001. (1940) XXVI--444 pages; bound in
buckram, $2.00. ' iiil0° r

MT6. Tasbres or Sine, CosiNe, AND ExPONENTIAL INTEGRALS, Vorume I1: Values of these functions
to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001 with auxiliary tables. (1940)

XXXVII+-225 pages; bound in buckram, $2.00.

MT?7. Taste o NAaTURAL LocariTaMms, Vorume I: Logarithms of the integers from 1 to 50,000
to 16 places of decimals. (1941) XVIII+-501 pages; bound in buckram, $2.00.

MTS8. Tasbtrs or Proaemiry Funcrions, Vorume I: Values of these functions to 15 places of
decimals from O to 1 at intervals of 0.0001 and from 1 to 5.6 at intervals of 0.001. (1941)
XXVIII+-302 pages; bound in buckram, $2.00.

MTO. Tasre or NATURAL LocAririms, Vorume I1: Logarithms of the integers from 50,000 to
100.000 to 16 places of decimals. (1941) XVIII+501 pages; bound in buckram, $2.00.

MT10. Tasie or NATURAL Locarrtams, Vorume I11: Logarithms of the decimal numbers from
0.0001 to 5.0000, to 16 places of decimals. (1941) XVIII+501 pages; bound in buckram, $2.00.

MT11. Tasres or THE MoMENTS OF INERTIA AND SecTioN Moputt oF OrpiNARY ANGLES, CHAN-
NELS, AND Burs ANGLes with CerTAN Prate ComsmvaTions: (1941) XIII4-197 pages; bound in
green cloth. $2.00.

MT12. Taste oF NATURAL LocariTaMs, VoLuMme IV : Logarithms of the decimal numbers from
5.0000 to 10.0000, to 16 places of decimals. (1941) XXII+-506 pages; bound in buckram, $2.00s

MT13. Tasre or SINE AND CosINE INTEGRALS FOR ARGUMENTS FROM 10 T0 100: (1942) XXXII 185
pages; bound in buckram, $2.00. ., !

MT14. TasLes oF ProBABILITY Functions, Vorume II: Values of these functions to 15 places of
decimals from 0 to 1 at intervals of 0.0001 and from 1 to 7.8 at intervals of 0.001. (1942) XXI--344
pages; bound in buckram, $2.00.

MT15. Tue HyperceoMerrIC AND LEGENDRE Funcrions Wite ArpricATioNs TO INTEGRAL EQUA-
TIONS OF POTENTIAL THEORY. By Chester Snow, National Bureau of Standards.] Reproduced
from original handwritten manuscript. (1942) VII-319 pages, bound in heavy paper cover.
$2.00.

MT16. Taste or Arc TaN x: Table of inverse tangents for positive values of the angle in radians.
Second central differences are included for all entries. x={0(.001)7(.01)50(.1)300(1)2,000(10)
10,000; 12D} (1942) XXV + 169 pages; bound in buckram, $2.00.

{Continued on p. 4 of cover}
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MT17. MisceLLaneous Prvsicar Tasres: PLanck’s Raptation Funcrions (Originally published
in the Journal of the Optical Society of America, February 1940); and Errctronic FuncTions
(1941) VII4-58 pages; bound in buckram, $1.50.

MT18. TasLE OF THE ZEROS OF THE LEGENDRE PoLynomiALs oF OrpErR 1-16 AND THE WEIGHT
Coerricients For Gauss' Mecranicar Quaorature Formura. (Reprinted from Bul. Amer.
Mathematical Society, October 1942.) 5 pages, with cover, 25 cents.

MT19. On THE FUNCTIO?I H (m._ a, x)=kexp (—ix)F (m+1—1ia, 2m+2; ix); with table or tne
confluent hypergeometric function and its first derivative. (Reprinted from J. Math. Phys.,
December 1942) 20 pages, with cover, 25 cents.

MT20. TaBLE OF INTEGRALS ﬁz Jo(t)dt and J;' To(t)dt. (Reprinted from J. Math. Phys., May

1943.) 12 pages, with cover, 25 cents.
MT21. TaBLE oF Jiy(x)= f er,]—"it—)dt AND Rerarep Funcrions. (Reprinted from J. Math. Phys.,
x

June 1943.) 7 pages, with cover, 25 cents.

MT?22. Taste of CoerrFicieNTs IN NUMERICAL INTEGRATION ForMuLAE. (Reprinted from J. Math,
Phys., June 1943.) 2 pages, with cover, 25 cents.

MT23. Taste or Fourier Coerricients. (Reprinted from J. Math. Phys., Sept. 1943.) 11 pages,
with cover, 25 cents.

MT24. Corrricients FOR NUMERICAL DirrerENTIATION WiTH CENTRAL Dirrerences. (Reprinted
from J. Math. Phys., Sept. 1943.) 21 pages, with cover, 25 cents.

MT25. Seven-PoiNt LAGRANGIAN INTEGRATION Formuras. (Reprinted from J. Math. Phys.,
Dec. 1943.) 4 pages, with cover, 25 cents,

MT26. A Suort TaABLe or THE First Five Zeros or THE TRANSCENDENTAL EQUATION,
Jox)Yo(kx)— Jo(kx)Yo(x)=0. (Reprinted from J. Math. Phys., Dec. 1943.) 2 pages, with cover,
25 cents.

MT27. Tabie or CoerriCIENTS FOR INVERSE INTERPOLATION wiTH CENTRAL Drrrerences. (Re-
printed from J. Math. Phys., Dec. 1943)) 15 pages, with cover, 25 cents.

"

MT28. TABLE OF f5(x)= (—;*—’/'—2-),.]..(::). (Reprinted from J. Math. Phys., Feb. 1944) 16 pages, with
cover, 25 cents. :

MT29. TaBLe oF COEFFICIENTS FOR INVERSE INTERPOLATION WITH ADVANCING DIFFERENCES
(Reprinted from J. Math. Phys., May 1944.) 28 pages, with cover, 25 cents,

MT30. A New Formura ror Inverse INTerPoLATION. (Reprinted from Bul. Amer. Mathe.
matical Society, Aug. 1944.) 4 pages, with cover, 25 cents.

MT31. Cogrricients FOR INTERPOLATION WITHIN A SQUARE GRrip IN THE CompLex PLane. (Re-
printed from J. Math Phys, Aug. 1944). 11 pages, with cover. 25 cents.

MT32. TasLe or COEFFICIENTS FOR DIFFERENCES IN TERMS OF THE DERIvATIVES. (Reprinted from

J. Math. Phys., Nov. 1944.) 4 pages, with cover, 25 cents.

Payment is required in advance. Make remittance payable to the “National Bureau of Standards™
and send with order, using the blank form facing page 3 of the cover.

A mailing list is maintained for those who desire to receive announcements regarding new tables
as they become available.
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