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ABSTRACT

The existing thermochemical data on the normal olefin (alkene-1) hydrocarbons
are reviewed and correlated. These data are used in conjunction with the value
previously proposed for the increase in the heat content per added CH, group to
obtain values for those members of this series of hydrocarbons for which no
calorimetric data exist. For all these hydrocarbons in the gaseous state, selected
“best” values are given for the heats of combustion at 25°C and for the heats of
formation, from solid carbon and gaseous hydrogen, at 25°C and 0°K.

As in the case of the previously reported values for the normal paraffin hydro-
carbons and primary normal alkyl alcohols, the heats of formation of the gaseous
normal olefin (alkene-1) hydrocarbons can be represented by means of an ex-
pression of the form AH= A+ Bn--A, where AH is the heat of formation, A and B
are constant for a given temperature, n is the number of carbon atoms in the
molecule C,H;,, and A is the term giving the deviation from linearity, which is
zero for %>5. Values of the constants 4 and B and of A are given both for 25° C
and 0° K.
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I. INTRODUCTION

The purpose of the present paper is to deduce reliable values for
the heats of combustion and of formation of all the normal olefin
(alkene-1) hydrocarbons in the gaseous state by using the following:

(1) the generalization recently made by one of the authors [1]!
that, in any organic molecule containing a normal alkyl group of more
than five carbon atoms, the addition of a CH, group to the normal
alkyl radical to form the next higher normal alkyl group results in an
increase in the heat of combustion of the organic molecule in the
gaseous state, at a temperature of 25° C and a constant total pressure
of 1 atmosphere, of 157.00+0.08 kilocalories per mole; (2) the heats
of combustion of ethylene and propylene recently measured in this
laboratory [2]; (3) the heats of hydrogenation of ethylene, propylene,
normal butene-1, and normal heptene-1 recently reported by Kistia-
kowsky, Vaughan, et al. [3, 4]; and (4) the heats of combustion of
hydrogen and of the gaseous normal paraffin hydrocarbons as re-
ported from this laboratory [5, 1].

1 The numbers in brackets here and throughout the text refer to the references at the end of the paper.
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II. UNITS OF ENERGY AND MOLECULAR WEIGHTS

The values of energy given in this paper are based upon the inter-
national joule as derived from standards maintained at this Bureau.
As in previous papers, the following conversion factor [6] is used for
reporting the results in terms of the defined calorie:

1 NBS international joule=1/4.1833 calorie.

The establishment of the uncertainties attached to the various
values presented in this paper follows the procedure described in
reference [6].

It is to be emphasized that the molal units of mass associated with
the values given for the heats of combustion represent true moles
well within the limits of uncertainty of the selected values because
(1) the experimental values of heats of combustion are entirely
independent of the atomic weight of carbon, the number of moles
of hydrocarbon being determined from the mass of H,O formed in the
combustion [1, 8], and (2) the relatively small values of heats of
hydrogenation are expressed in terms of moles as determined from the
mass of CO,, so that in this latter case the atomic weight of carbon
enters as only 12/44 and can make only a negligible absolute error
in the energy value finally deduced. For the heats of formation, a
little greater uncertainty [1] is introduced because the existing data
for the heat of formation of carbon dioxide from its elements are
based upon the mass of carbon burned, and consequently the values
carry the full uncertainty in the value for the atomic weight of carbon,
in addition to the calorimetric and thermodynamic uncertainties.

III. EXISTING DATA

The existing data on the heats of combustion of ethylene and
propylene have already been reviewed [2, 7].

“Calculated” values for the heats of combustion of ethylene and
propylene have also been derived by the authors [2] using values for
the heats of combustion of hydrogen, ethane, and propane obtained
in this laboratory [5, 8] and values for the heats of hydrogenation of
ethylene and propylene obtained at Harvard University [3, 4]:

CuHania@)+2E20,(5) =000, (@) + 1+ DHO(iq) (1)

(n+ D) +2510,(0) = m-+1)H,0 liq) @)

The sum of reactions (1) and (3), less reaction (2), yields the reaction
for the combustion of the olefin hydrocarbon:

C, H:,(2)+310,(g) =nCO,(g) +nH,0 (liq) 4)

In a manner similar to that above, there can be obtained “calcu-
lated” values for the heats of combustion of gaseous normal butene-1
and gaseous normal heptene-1, using the following data: for the
heats of combustion of normal butane and normal heptane, accord-
ing to reaction (1), —AH=2877.88+0.63 and 4850.12+2.34 inter-
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national kilojoules, or 687.94+40.15 and 1159.404-0.56 kilocalories
per mole, respectively, at 25° C and 1 atmosphere [8, 1]; for the heat
of formation of liquid water, according to reaction (2), —AH =285.
775+0.040 international kilojoules, or 68.313+0.010 kilocalories per
mole at 25° C and 1 atmosphere [5]; and for the heats of hydrogenation
of normal butene-1 and normal heptene-1, according to reaction (3),
—AH=125.6240.32 and 124.75+0.32 international kilojoules or
30.03+£0.08 and 29.82+0.08 kilocalories per mole at 25° C and 1
atmosphere. These Jatter values are derived from the experi-
mlentally determined ones for 82° C [4] by using for reaction (3) the
relation

: AHy55— AH 5= —0.321 40.040 kilocalories per mole (5)
which has been calculated by Kassel [17, 18].

From the value thus calculated for the heat of combustion of
gaseous normal heptene-1, which should be a reliable one judging
from the accord previously found between the ‘“calculated” and
experimental values for ethylene and propylene [2], there can be
derived values for the heats of combustion of all the normal olefin
(alkene-1) hydrocarbons above heptene by using the generalization
mentioned in the introduction of this paper [1]. In this manner, there
is obtained for the reaction

L, (@)+55 0x(z)=n COx(g)-+n HO(liq) 6)

with »>>5, for 25° C and 1 atmosphere,
—AH=178.90+157.00(n—1) kilocalories per mole (7)

with an uncertainty of about + (0.10n—0.10) kilocalories per mole,
where n is the number of carbon atoms per molecule.

There is reported in the literature one value for the heat of com-
bustion of “amylene” and one for ‘“hexylene”, the latter being
carried out in a bomb at constant volume. The former was reported
by Favre and Silbermann [9] in 1852 and the latter by Zubow [10, 11]
in 1898. Because of the uncertainty as to the purity and isomeric
form of the actual material burned and as to the unit of energy of these
early experiments, these two values are considered to be of historical
interest only.

The experimental values for ethylene and propylene, and the
“calculated” values for ethylene, propylene, normal butene-1, normal
heptene-1, and the normal olefins (alkene-1) above heptene, are shown
in figure 1. By interpolation on this chart, reliable values are ob-
tained for normal pentene-1 and normal hexene-1, of which neither
the heat of combustion nor of hydrogenation has ever been measured
experimentally.

IV. SELECTED “BEST” VALUES FOR THE HEATS OF COM-
BUSTION AT 25° C

From the values given by the curve in figure 1, the selected “best”
values given in table 1 are obtained for the heats of combustion of
all the normal olefin (alkene-1) hydrocarbons in the gaseous state
at 25° C and 1 atmosphere, according to reaction (4). For n>5, the
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following linear relation (see page 341) holds for reaction (6) at 25° C
and 1 atmosphere:

—AH=21.90+157.00n4 (0.10n—0.10) kilocalories per mole 8)
1 | | | I 1 1 | i 1
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Ficure 1.—Relation between the heats of combustion of the gaseous mormal olefin
(alkene-1) hydrocarbons and the number of carbon atoms in the molecule.

The scale of ordinates gives the function (Qc—173.90)/(n—1), where Qc is the heat of combustion of the
gaseous olefin at 25° C aund a constant total pressure of | atmosphere, in kilocalories per mole, and » is the
number of carbon atoms in the molecule. The scale of abscissas gives the number of carbon atoms in
the molecule. The solid black circles represent directly measured values [2]; the open circles represent
calculated values (see p. 341); the broken circles represent interpolated values. The radii of the various
circles represent the estimated uncertainties.

TaBLE 1.—Selected “‘best’”’ values for the heats of combustion of the gaseous normal
olefin (alkene-1) hydrocarbons at 25° C

Calzn(g) + 25 01(0) =10 03() +nH:0 1)

CnH2a(gas) —AHat 25° Cand 1atm

Kilocalories per mole !
15 s 3 T R b SR A AP S S Sl MRl el P 337.2540.07.
Propylene..____ = w i Cin dt _| 491.90+0.15.
Normal butene-1.__________ -| 649.66-0.18.
M ey -| 806.78+0.32.
______ o aaTes -| 963.904-0.45.

:
Normal pentene-1__
Normal hexene-1___

Normal heptene-1__ -| 1,120.904=0.60.
Normal octene-1......______ 1,277.90=-0.70.

Normal nonene-1.__________ - o < 1,434.90-40.80.
Normal decene-1.___.___._. 1,591.904-0.90.

Normal C,Haza (for n>5) 21.904-157.00n=(0.10n—0.10).

1 See p. 340 for unit of energy and molecular weights.

V. HEATS OF FORMATION AT 25° C AND 0°K

By combining the reaction of combustion as given by equation 4
with the heats of formation of water and of carbon dioxide from their
elements, there is obtained the reaction of forming the hydrocarbon
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from its elements.
according to reaction (2) has already been given.
formation of carbon dioxide from its elements,

Heats of Combustion and Formation

C (¢, graphite) +0,(g) =COs(g),
C (e, diamond)+0,(g)=CO0,(g),
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The value for the heat of formation of water
For the heat of

(9)
(10)

a previous review of the existing data [1] yielded, for reaction (9),
—AH=94.20+0.08 kilocalories per mole at 25° C and 1 atmosphere,
where the amount of reaction was determined from the mass of carbon
and 1 gram-atom of carbon was taken as 12.007+0.003 g. The
International Committee on Atomic Weights this year [16] changed
the value for the atomic weight of carbon from 12.00 to 12.01. The
available data indicate rather definitely that the uncertainty in the
new value cannot be more than about 0.003. Taking 1 mole of
carbon dioxide as given by 12.010+40.003 g of carbon, the value for
the heat of reaction (9) becomes —AH=94.22+0.08 kilocalories per
mole at 25° C and 1 atmosphere. Since this value is still substantially
the same as the old one, 94.24 (see [1]), the values already used [1]
forreactions (9) and (10), namely, —AH =94.244+0.10 and 94.46+0.10
kilocalories per mole, respectively, at 25° C and 1 atmosphere, will be
used in the present calculations.

With the foregoing values for the heats of formation of water and
carbon dioxide and the values for the heats of combustion given in table
1, there are obtained the values for the heats of formation of the gaseous
normal olefin (alkene-1) hydrocarbons at 25° C as given in table 2.

For the reaction

nC (c, graphite)+nH,(g)=C,H,,(g) (11)
AH 35 16=21.90—5.55;n+A+(0.14n—0.06), kilocalories per mole, (12)

where A=0 for n_>5, and has the following values for n<5: ethylene,
1.3540.07; propylene, —1.004+0.15; normal butene-1, —0.244-0.18;
normal pentene-1, —0.1240.32, kilocalories per mole.

For the reaction

nC (¢, diamond)-+nH;(g)=C,H,, () (13)
AH505 15=21.90—5.77,n+ A+ (0.14n—0.06) kilocalories per mole, (14)
where A has the same values as above.

TaABLE 2.—Heats of formalion of the gaseous normal olefin (alkene-1) hydrocarbens,
from solid carbon and gaseous hydrogen at 25° C and 0° K

nC (c, graphite)+nH, (g) =CaHan (g) | nC (¢, diamond)+nHs (g) =CnHza ()
CrnHan(g)
AHg 4 AHG AHg 46 AHP

Kilocalories per Mole| Kilocalories per Mole| Kilocalories per Mole| Kilocalories per Mole

Ethylene ... ______ 12.144-0. 21 14.164-0. 21 11.70240. 21 13.4740. 21
Propyleme. -/ > 13tk 4.24-+0.34 7.61+0.35 3. 584-0. 34 6. 5740. 35
Normal butene-1_______ —0. 55-40. 44 4. 333-0. 46 —1.43-40. 44 2.95-4-0. 46
Normal pentene-1._____ —5.99-+0. 60 0. 424-0. 63 —7.09-0. 60 —1.31-+0. 63
Normal hexene-1_.._._. —11. 424-0. 76 —3.494-0.79 —12.74+0.76 —5. 5740. 79
Normal heptene-1._____ —16.974-0. 92 —7.53+0.98 —18.5140. 92 —9.95-+0. 98
Normal octene-1._._____ —22. 524-1. 06 —11.5641.17 —24. 28+1. 06 —14.3341. 17
Normal nonene-1.______ —28.08+1. 20 —15. 5941. 36 —30. 06==1. 20 —18.71-+£1.36
Normal decene-1__.____ —33.63+1. 34 —19. 63+1. 55 —35.83+1. 34 —23.09+1. 55
Normal C,Hi. (for } 21. 90—35. 553+ 20. 71—4. 033n+= 21.90—5. 773+ 20. 71—4. 37om4=
() e B e (0. 14n—0. 06) (0.19n—0. 35) (0. 14n—0. 06) (0. 192—0. 35)

Nore.—The estimated uncertainties given here represent the absolute error in each of the values. The
uncertainty in the difference between any two values in a given column is about +0.14An at 25° C and
=£0.19An at 0° K.
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In order to calculate the corresponding heats of formation at 0°
K, it is necessary to know the value of Hyys,s— H, for the hydro-
carbon, hydrogen, diamond, and graphite. Values for the latter three
substances as given in the previous publication [1] are, respectively,
2.023+0.001, 0.12540.013, and 0.25140.006 kilocalories per mole.
For ethylene, the values may be taken from the calculations of Smith

For the

and Vaughan [19] as 2.53440.030 kilocalories per mole.
members of the series above ethylene, Kassel [17, 18] has estimated
that the value is 0.254 kilocalories per mole less than that of the cor-
responding paraffin. By combining this with the equation previously
given by Kassel for the normal paraffin hydrocarbons [1], there is
obtained for the gaseous normal olefin (alkene-1) hydrocarbons,

1 1 | ] ]

I I | | |

A/(n-l) inKilocalories
o

=2

|
73

|
8
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Number of Carbon Atoms in the Molecule
F1GURE 2.—Plot of the deviations from linearity in the relation between the number
of carbon atoms in the normal olefin (alkene-1) molecule and its energy of dissocia-
tron into normal atoms, at 0° K.
The scale of ordinates gives the value of A/(n—1), where A is the deviation from linearity in kilocalories
per mole and n is the number of carbon atoms in the molecule. The scale of abscissas gives the number of
carbon atoms in the molecule.

C,H,,, with n>>2, Hes 10— H;=1.19140.754n (140.017n) kilocalories

per mole.
With these values for the increase in heat content of the various
molecules in going from 0° K to 298.16° K (25° C), there are obtained

the values given in table 2 for the heats of formation at 0° K.
(15)

(16)

For the reaction
nC (c, graphite) +nH,(g)=C,H,,(g)

AH;=20.71—4.03;n+A =+ (0.192—0.35) kilocalories per mole,

where A=0 for n>>5, and for n<5 has the same values as at 25° C
(equation 1) except for ethylene, for which the value of A is 1.5240.08

kilocalories per mole.
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For the reaction

nC(c, diamond)+nH,(g)=C,H,, (g)
AH;=20.71—4.37y,n+A+ (0.192—0.35) kilocalories per mole, (17)

where A has the same values as for equation 16.

In figure 2 is shown the relation between the number of carbon
atoms 1n the molecule and the deviation from linearity in the energy
of dissociation [1, 12] of the normal olefin (alkene-1) hydrocarbon
into normal gaseous carbon and hydrogen atoms, at 0° K, according

to the reaction
C.H,, (g)=n C(g)+2n H(g) (18)

The deviation, A, is plotted as the function A/(n—1) against n, the
number of carbon atoms in the molecule. A has the following values
at 0° K: ethylene, —1.52+0.08; propylene, 1.00 40.16; normal
butene-1, 0.244-0.24; normal pentene-1, 0.124-0.36; n>5, 0.00+
(0.10n—0.10) kilocalories per mole. It is to be noted that the
deviations from linearity are all in the direction of greater energy of
dissociation of the molecule, except for ethylene, which is in the
direction of lesser energy of dissociation.
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