





TasLe 2. Calorimetric combustion experiments
Mean value of
Experi- | Mass of carbon ; S —AUp with its
ment No. dioxide At AR. Qs° ©) 2 A AUB(28° C) standard devia-
tion
n-Decylbenzene
q Jlohm Ohms Jj j ] jlg COz ilg CO2
1 2.85874 1.8 0. 284165 39735. 7 31.5 4.9 13887. 0
2 2.84816 10. 4 . 283114 39588. 3 35.7 5.6 13885. 1
3 2.86925 10. 6 . 285230 39884. 3 35. 4 4.8 13886. 6 13886. 8
4 2.87300 10. 4 . 285654 39943. 5 35.4 5.0 13889. 0 +0.6
5 2.77388 10.2 . 275735 38556. 5 35.2 5.2 13885. 3
6 2.91076 10.9 . 289374 40463. 8 35.2 5.0 13887. 6
1-Hexadecene
1 2.67126 10.9 0. 285683 39947. 7 35.8 6.0 14939. 0
2 2.72788 10. 2 . 201792 40801. 7 35.9 6.0 14941. 9
3 2.66637 9.5 . 285222 39882. 8 36.2 5.7 14942. 0 14941.1
4 2.65190 7.3 . 283676 39666. 0 35.7 5.9 14941. 9 =+0.6
5 2.60973 7.2 . 279126 39029. 8 36. 4 5.7 14939. 4
6 2. 68706 7.3 . 287441 40192. 5 35.8 6.0 14942. 2
n-Hexadecane
il 2.73431 5.6 0. 296839 41506. 1 35.9 6.2 15164, 3
2 2. 67456 6.8 . 290381 40603. 5 36.1 6.3 15165. 5
3 2.65107 (52 . 287786 40240. 4 35.2 5.7 15163. 5 15164. 5
4 2. 63905 5.1 . 286517 40062. 7 36. 1 6.2 15164. 7 +0. 4
5 2. 77207 5.0 . 300919 42076. 4 34.8 6.4 15163. 8
6 2.43637 5.0 . 264537 36989. 3 36. 1 5.0 15165. 3
n-Decyleyelohexane
1 2.71781 4.1 0. 288249 40304. 6 35.7 3.6 14815. 3
2 2. 63256 3.7 . 279230 39043. 4 35.7 5.3 14815. 4
3 2. 59134 3.6 . 274887 38436. 1 35.7 6.6 14816. 2 14814.7
4 2. 69554 6.0 . 285858 39970. 8 35.9 5.6 14813. 1 +0.5
5 2. 59597 3.5 . 275319 38496. 5 35.1 5.6 14813. 7
n-Decyleyclopentane
it 2. 48540 3.4 0. 264257 36949. 7 34.8 6.4 14850. 1
2 2.61842 3.5 . 278461 38035. 8 36.2 il 14853. 4
3 2.73536 1.9 . 290933 40679. 2 36.2 23.5 14848, 3 14851. 2
4 2. 73981 1.8 . 291485 40756. 4 35.8 23.8 14853. 9 +0.9
5 2. 56356 0.5 . 272715 38131. 5 35.4 26. 2 14850. 4
6 2. 64616 e . 281489 39358. 4 35.5 24.6 14851. 1

The energy equivalent, %, was computed by:

Es:[(Qéms+Ql+qn\)/AR0]_A€1:

where =AUz (28° C) is the heat of combustion
of benzoic acid under the actual bomb conditions
used in this investigation expressed in joules per
gram of benzoic acid and m, is the mass of benzoic
acid. The value used for the heat of combustion of
standard benzoic acid under standard conditions at
25° C is @5 (25° C)=26434.7 2.2 j/g.b
Under the actual bomb conditions and at 28° C,
this value becomes @, (28° C)=26431.8+2.2 j/g.
Table 2 lists the following data for the calorimetric
combustion experiments on the five compounds: The
experiment number; the mass of carbon dioxide
formed; Aes, the deviation from the standard calori-
meter system; AR, @ (28° C)=(&;+Ae;)AR,, the
isothermal heat liberated by the process which took
5 This value for benzoic acid, which is based on electrical calibration experi-
ments made in the Thermochemical Laboratory [11], was used to maintain con-
sistency with values previously reperted [10] for the lower hydrocarbons, which
were based on electrical calibrations. This value differs slightly from the value

certified for benzoic acid, Op (25° C)=26433.842.2 j/g [14, 15,. However, the
uncertainty thus introduced is within the estimated over-all uncertainty.
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place in the bomb; ¢ ¢.; and AU (28° O)=[Q
(28° C)—q:—q4l/g CO., the heat of combustion in the
bomb process expressed in joules per gram of carbon
dioxide formed.

In table 3 the following quantities are given for
each of the compounds: The mean value of —AUjy
(28° C) expressed in joules per gram carbon dioxide
from table 2, and in kilojoules per mole of hydro-
carbon; —AU° (28° (), the decrement in internal
energy in the ideal bomb process [10]; —AHe®
(28° C), the heat of combustion at constant pressure
at 28° C; —AHe® (25° C), the heat of combustion
at constant pressure at 25° C; and AH,°, the heat
of formation at constant pressure at 25° C. The
uncertainties in the heats of combustion assigned
to the values in table 3 were calculated using the
relation,

uncertainty =[(0.0083)2+ (20 £,)*+ (26AUp)*+
(0.01)2]2

where ¢ represents the standard deviation of the
mean for the specified measurement, and all de-
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TABLE 3. Heats of combustion and formation of the liquid hydrocarbons at 256° C
—AHc°
Compound (liquid) —AUpgat 28° C —AU° at28° C AHf° at 25° C
at 28° C at 25° C
jlg CO2 kj/mole kj/mole kj/mole kj/mole keal/mole kj/mole keal/mole

n-Decylbenzene . ______ 13886.8 +2.5 9778.5 £1.76 9775.1 41.76 | 9791.3 £1.76 9793.0 +1.76 | 2340.58 +0.42 [—219.12 £1.97 | —52.37 0.47
1-Hexadecene_ __ - 14941.1 42.6 | 10520.9 +1.85 | 10518.0 +1.85 | 10538.0 +=1.85 | 10540.2 +1.85 | 2519.17 =40.44 |—329.41 +2.09 | —78.73 =0. 50
n-Hexadecane______ = 15164.5 +2.5 | 10678.2 +1.74 | 10675.5 +1.74 | 10696.8 £1.74 | 10699.1 +1.74 | 2557.15 =4=0.42 |—456.35 +2.00 [—109. 07 =0.48
n-Decyleyelohexane .~ 14814.7 4-2.6 | 10431.9 +1.82 | 10429.0 +1.82 | 10449.0 £1.82 | 10451.2 +1.82 | 2497.90 4=0.43 |—418.39 +2.06 |—100. 00 =0. 49
n-Decyleyclopentane 14851.2 2.7 9804. 0 +1.92 9801.3 +1.92 9820.1 +1.92 9822.1 +1.92 | 2347.54¢ 0. 46 |—368.19 +£2.12 | —88.00 =£0.51 |

|

viations are expressed as percent of the measured
quantity. The term 0.0083 percent is the assigned
uncertainty in @g; the term 0.01 percent is arbi-
trarily assigned to allow for systematic errors in
the measurements.

The heats of combustion refer to the reaction:

C.Hy(lig) + (b +4a)/4 O,(gas)
=aCO, (gas)+b/2 HyO (liq).
The heats of formation refer to the reaction:
aC (graphite) +-b6/2 H, (gas)=C,H, (liq).

The heats of formation were calculated from the
heats of combustion using the values —68.317
4+0.010 kcal/mole [16] for the heat of formation of
liquid water and —94.052 -+0.011 kcal/mole [14]
for the heat of formation of carbon dioxide.

The value obtained for the heat of combustion
of n-hexadecane (liquid), —AHce®(25° O)=2557.15
+0.42, is in good agreement with the value previ-
ously reported [10] by the Thermochemical Labora-
tory, —AHe°(25° C)=2557.58 +0.68 keal/mole.
The agreement of this value with those of other
investigators has been described in a previous publi-
cation [5]. No previous measurements have been
reported for 1-hexadecene, n-decylbenzene, n-de-
cyleyclohexane, or n-decylcyclopentane.

6. Heats of Combustion of Homologous Com-
pounds

The increment in the heat of combustion per CH,
group added to the chain in the n-paraffins in the
gaseous state has been shown [5] to have the constant
value 157.44+0.05 kecal/mole. This increment is
constant beginning with the third member of the
series, propane. From a study of the heats of
isomerization of branched-chain paraffin hydro-
carbons, it has been shown that the average bond
energy of a particular bond between two atoms is
affected, within experimental error, only by the other
bonds (or atoms) attached to these atoms. Bonds
(or atoms) further removed have no measurable
effect on this bond energy unless major steric effects
are present (such as are revealed by the difficulty
in making a Fisher-Hirschfelder model of the
molecule). The constancy in the increment per
CH, group for members of the series above propane
is in accord with this observation, since the addition
of a CH, group to propane to form n-butane forms
the same kind of bond and neighboring bonds as do
further CH, additions. In later reports [6,18,19]
the increment of 157.44 was applied to other ho-
mologous series of hydrocarbons with n-alkyl side
chains to obtain heats of combustion for higher
members of these series in the gaseous state.

A constant increment per CH, group for numbers
above propane was also found [5] for the n-paraffins

TaBLE 4.—Comparison of experimental values of —AHc® with calculated values using the equation —AHc®= A+ Bm

Series ___________ . 1-Alkenes Normal alkylbenzenes Normal alkyleyclopentanes Normal alkylcyclohexanes
Strueture_ . ____ Vinyl-(CHg) »,—H Phenyl-(CHs) n—H Cyclopentyl-(CHs) m—H Cyclohexyl-(CHjg) m—H
: Deviation e Deviation - . Deviation . Deviation
E_"X‘;;g,m(’ﬂ(%’l experimental E_XE%?C?H;E;‘I experimental E_‘X?}Z?arl‘t‘;‘l experimental %‘g%ﬁf,ﬂ?ﬂt? experimental
—calculated —calculated 4 —calculated Q —calculated
keal/mole keal/mele keal/mole keal/mole keal/mole keal/mole keal/mole keal/mole
m=0 | | .. 780. 98 0. 10 (+2. 49) 786.54 +0.17 (+1. 49) 936.88 +0.17 (41.19)
m=1 | .| 934. 50 =40.12 (—0.23) 941.14 +0.18 (—0.15) 1091.13 =40. 23 (—0.80)
m=2 644. 46¢ +0. 18 —+0. 10 1091. 03 0. 17 +. 06 1097. 50 =+0.22 g 1248. 23 0. 35 ~+. 06
m=3 800. 61 =40. 26 .01 1247.19 +0.16 —.02 1253.74 4-0.28 1404. 34 +0.27 =207
m=4 956.72 0. 33 =012 1403. 46 +0. 27 ) 01 R [ Gt T A [ T - 1560.78 =0.29 =13
m=>5 1112.87 +0. 38 - IR S S e e e S S RIS S eEr DRL | (R ] L e
=10, ¢ | oocmeien Conn e asefl 2 2340. 58 +0. 42 —.31 2347. 54 0.46 2497.90 +0.43 =1k
m=14 2519.17 =+0.44 s 7 (N (R R AL SRR T oS (S el A0 e R I LV Ll PR BT |7 T S PE o S
AS e e e R e 331.88 | . 7T T LT 7801010 S | B S S 935. 69
B e et 156.24 | . ___ 156.24 | cmmeeeeeo. 156.24 | o ____ 156. 24

sAt saturation pressure.
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in the liquid state. The value of this increment is
156.26 40.05 keal/mole. Because of possible varia-
tions in intermolecular forces, it was not evident
that this increment could be applied to other ho-
mologous series of hydrocarbons with n-alkyl side
chains in the liquid state. The values obtained
here for the heats of combustion of some higher
members of such series, together with values previ-
ously reported for the lower members in the liquid
state, show that this value of 156.26 can be applied
to these series as well. The constancy begins with
the ethyl side chain.

The constant B was re-evaluated, by the method
of least squares, utilizing all of the available experi-
mental data from the Bureau. The new value of
B, 156.24, is in agreement with the value 156.26
calculated from the n-paraffin series alone.

In table 4 are given the experimental values for
the heats of combustion of compounds of several
series in the liquid state. These data were obtained
from the following sources: the heats of combustion
of benzene, toluene, ethylbenzene, n-propylbenzene,
and n-butylbenzene in the liquid state [19, 20]; the
heats of combustion of cyclopentane, methyleyclo-
pentane, ethylcyclopentane, n-propyleylcopentane,
cyclohexane, methylcyclohexane, ethyleyclohexane,
n-propyleyclohexane, and n-butyleyclohexane in the
liquid state [21]; the heats of combustion of 1-
butene [2] and 1-pentene [22] in the gaseous state
together with heats of vaporization of 1-butene [23]
and 1-pentene [24]; the heats of combustion of
1-hexene and 1-heptene in the liquid state [25]; and
the heats of combustion of 1-hexadecene, n-decyl-
benzene, n-decylcyclohexane, n-decylcyclopentane,
and n-hexadecane in the liquid state from the present
investigation.

In table 4 are also given the deviations of these
experimental data from the heats of combustion
calculated using the equation —AHc®=A-+Bm
where A is the constant characteristic of the ho-
mologousseries, B is the constant 156.24 keal/mole for
each series, and m is the number of carbon atoms
in the n-alkyl side chain. The values of A were
calculated weighting the value of AHc®, for each
compound measured, inversely as the square of its
assigned uncertainty.
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