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Enthalpies of Combustion and Formation of 11 Isomeric Nonanes

WILLIAM D. GOOD

Bartlesville Petroleum Research Center, Bureau of Mines, U.S.
Department of the Interior, Bartlesville, Okla. 74003

The enthalpies of combustion of 11 isomeric nonanes were determined by oxygen-
bomb combustion calorimetry. Enthalpies of combustion were computed from measure-
ments of mass of samples burned and mass of carbon dioxide produced. The following
values, in kilocalories per mole based on the mass of sample, are reported for
the standard enthalpy of combustion, AHcl,. .., of these compounds in the liquid
state: n-nonane, —1463.96 =+ 0.13; 2,2-dimethylheptane, —1460.74 @ 0.20; 2,2,3-
trimethylhexane, —1462.05 = 0.18; 2,2,4-trimethylhexane, —1462.01 + 0.20; 2,2,5-
trimethylhexane, —1459.50 + 0.20; 2,3,3-trimethylhexane, —1462.43 + 0.20; 2,3,5-
trimethylhexane, —~1461.73 4 0.20; 2,4,4-trimethythexane, —1462.65 + 0.18; 3,3,4-
trimethylhexane, —1463.28 + 0.18; 2,2-dimethyl-3-ethylpentane, —1464.44 + 0.18;
and 2,4-dimethyl-3-ethylpentane, —1465.15 + 0.18. The experimental results for
these compounds were compared to values predicted by current correlative procedures.

THE BUREAU OF MINES is conducting thermo-
dynamic studies on selected hydrocarbons under American
Petroleum Institute Research Project 62, ¢“Thermodynamics
of Hydrocarbons from Petroleum.” One of the experimental
goals of this program is the provision of basic thermo-
dynamic data on a limited number of carefully selected
compounds. From these basic data the thermodynamic
properties for many other compounds can be calculated
by correlation. As part of this continuing program, the
enthalpies of combustion of 11 isomeric nonanes were deter-
mined and are reported. Johnson et al. (12) have contributed
experimental enthalpies of combustion of five other highly
branched nonanes. The present research adds 10
experimental values for branched-chain nonanes in addition
to a new value for n-nonane, so experimental values now
are available for 16 of the 35 nonanes.
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The API Research Project 44 tables (2) contain
experimental enthalpy-of-formation data for the alkanes of
molecular weight as high as the octanes with a few excep-
tions. Data for two of the heptanes, 2-methylhexane and
3-methylhexane, are correlated values. New experimental
evidence (I14) also indicates that the older experimental
enthalpy-of-formation data for the pentanes, particularly
neopentane, need adjustment in the tables.

Many attempts have been made to correlate the enthalpy-
of-formation data of the alkanes with their molecular
structure. Some of these correlations have been more
successful than others, and perhaps the most successful
of the recent correlative procedures have been the Allen
(1) method, the modification of the Allen method by Skinner
(20), the Rossini-Greenshields (9) method, and the
Somayajulu-Zwolinski (21) method. All of these correlative
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methods meet severe tests at about the C; to C; level
in the alkanes. At this level steric effects in the more
compact molecules become critical; also current research
indicates that even the best of these methods fail for some
molecular configurations of the C, alkanes.

EXPERIMENTAL

Apparatus and Procedures. Experimental measurements of
the enthalpy of combustion followed a procedure previously
reported (6). The rotating-bomb calorimeter BMR II (7)
and platinum-lined bomb Pt-3b (5), internal volume 0.349,
liter, have been described. Rotation of the bomb was not
necessary for these experiments. One milliliter of water
was added to the bomb, and the bomb was flushed and
charged to 30 atm. with pure oxygen. The high purity
of the oxygen used in these experiments made the formation
of nitric acid negligible. Each experiment was started at
23°C., and because of the masses of combustibles chosen,
the final temperatures were very nearly 25° C.

The 11 nonanes were divided into two groups for
experimental study to avoid extending a single series of
experiments over a long time. This division was a safeguard
against ampoule breakage (from thermal expansion and
contraction of the confined liquids) and possible loss of
calibration of the calorimeter by equipment failure.
Fortunately, the safeguards were unnecessary. Both groups
of measurements were calibrated by means of benzoic acid
combustion experiments, and n-nonane was burned along
with both groups of experiments, establishing a firm connec-
tion between these experimental measurements and the
accepted values for the normal alkanes. Compounds studied
in the first group (Series I) were n-nonane, 2,2,3-trimeth-
ylhexane, 2,3,3-trimethylhexane, 3,3,4-trimethylhexane, and
2,2-dimethyl-3-ethylpentane. The second group (Series II)
consisted of n-nonane, 2,2-dimethylheptane, 2,2 4-trimeth-
ylhexane, 2,2,5-trimethylhexane, 2,3,5-trimethylhexane,
2,4,4-trimethylhexane, and 2,4-dimethyl-3-ethylpentane.

Materials. The 11 nonanes were samples of API research
hydrocarbons purified and made available by the American
Petroleum Institute Research Project 58B at the Carnegie-
Mellon University. Sample designations and impurities are
listed in Table I. All compounds were dried by vapor
passing over freshly activated molecular sieve. Ampoules
were filled in a vacuum system and sealed as previously
described (6, 8).

The sample of benzoic acid used for calibration was
National Bureau of Standards Sample 39I. The material
had a heat of combustion of 26.434 + 0.003 absolute kilo-
joules per gram under certificate conditions. Conversion
to standard conditions (10) gives -6313.02 =+ 0.72 cal.
per gram for AEc°/M, the energy of the idealized combus-
tion reaction.

The auxiliary oil, sample designation USBM-P3a, had
the empirical formula CH e A recent determination of
this formula favors this composition over the CHis for-
merly used. The most recent determination of AEc°/M for
this material gave —10,984.3, & 0.1, cal. per gram (mean
and standard deviation), a value that has held remarkably
constant for 15 years.

For the cotton thread fuse, empirical formula CH1.7:O0.ss7,
AEc°/ M was —4050 cal. per gram.

Units of Measurements and Auxiliary Quantities. All data
reported are based on the 1961 atomic weights (3) and
the 1963 definitions of the thermodynamic temperature scale
and of the thermochemical calorie (4).

For reducing weights in air to weights in vacuo, con-
verting the energy of the actual bomb process to that
of the isothermal process and reducing to standard states,
the values summarized in Table II were used for density,
p, and (0E/3P)r. Values of the density of the nonanes
are from the API Research Project 44 tables (2). Values
of (3E/9P)r were calculated from the temperature depen-
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dence of density (2) by using the approximation, (JE/
8P)r = =T(@V/3T)pr. An estimate of 0.5 cal. gram™ K !
was used for the heat capacity of all the nonanes.
Calibration. Calibration experiments with benzoic acid
were done with both Series I and Series II. ¢(calor.) for
Series 1 was found to be 4004.97 + 0.007 cal. per deg.
(mean and standard deviation). g(calor.) for Series II was
found to be 4004.62 +0.09 cal. per deg. (mean and standard
deviation). A minor repair accounting for the change in
the value of ¢(calor.) was made to the calorimeter between
experiments of Series I and II. Excellent evidence for the
validity of the two calibration series is the good agreement
of the values for the enthalpy of combustion of rn-nonane.
Carbon Dioxide Recovery. Carbon dioxide was recovered
in both the calibration and combustion experiments.
Anhydrous lithium hydroxide was used as the carbon diox-
ide absorbent (6). The carbon dioxide recoveries are sum-
marized in Table III. The results for benzoic acid afford
a check on the accuracy of the carbon dioxide recovery
method. The certificate supplied with benzoic acid
(Standard Sample 39I) indicates that the purity of the

Table I. Compound Description
Impurity, Mole %

n-Nonane (B) 0.051 & 0.004
2,2-Dimethylheptane 0.13 =+ 0.10
2,2,3-Trimethylhexane 0.25 =+ 0.20) est.
2,2,4-Trimethylhexane 0.25 =+ 0.20
2,2,5-Trimethylhexane 0.14 =+ 0.04
2,3,3-Trimethylhexane 0.07 = 0.06
2,3,5-Trimethylhexane (0.25 =+ 0.20) est.
2,4,4-Trimethylhexane 0.27 =+ 0.11
3,3,4-Trimethylhexane 0.13 =+ 0.10
2,2-Dimethyl-3-ethylpentane 0.08 =+ 0.08
2,4-Dimethyl-3-ethylpentane 0.14 =+ 0.11

Table II. Physical Properties at 298.15°K.

BE/3P)7,
o, G./ML Cal./Atm./G.

n-Nonane 0.71381 -0.0107
2,2-Dimethylheptane 0.7066 ~0.0111
2,2,3-Trimethylhexane 0.7257 ~0.0104
2,2,4-Trimethylhexane 0.7118 -0.0108
2,2,5-Trimethylhexane 0.70322 -0.0116
2,3,3-Trimethylhexane 0.7345 -0.0081
2,3,5-Trimethylhexane 0.7179 -0.0113
2,4,4-Trimethylhexane 0.72007 -0,0104
3,3,4-Trimethylhexane 0.7414 -0.0104
2,2-Dimethyl-3-ethylpentane 0.7310 -0.0103
2,4-Dimethyl-3-ethylpentane 0.7341 -0.0101
Auxiliary oil 0.87 -0.0061
Benzoic acid 1.320 -0.00278
Fuse 1.5 -0.007

Table Hl. Carbon Dioxide Recovery
% Recovered

99.997 =+ 0.006’
100.003 =+ 0.020
100.000 = 0.015

99.997 =+ 0.014

99.991 + 0.006
100.001 =+ 0.005
100.002 + 0.011
100.010 = 0.010

99.997 + 0.013

99.996 + 0.011

99.998 = 0.010

99.987 = 0.010

99.994 = 0.011

Benzoic acid (16)°

n-Nonane, Series I (6)
n-Nonane, Series II (6)
2,2-Dimethylheptane (6)
2,2,3-Trimethylhexane (6)
2,2,4-Trimethylhexane (6)
2,2,5-Trimethylhexane (6)
2,3,3-Trimethylhexane (6)
2,3,5-Trimethylhexane (6)
2,4,4-Trimethylhexane (6)
3,3,4-Trimethylhexane (6)
2,2-Dimethyl-3-ethylpentane (6)
2,4-Dimethyl-3-ethylpentane (6)

* Number of experiments. ° Average deviation of mean.
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sample is 99.997 mole % as measured by the freezing point 5 =
method, and the moisture content is stated to be 0.002%. T8 B28FL. IIBREE 23 =
The essentially quantitative carbon dioxide recoveries for ESS Z3Z228 gs°-g¥ 3g =
the nonanes indicated that the impurities in these materials S48 S2223 % ' ~ ﬁl = )
are hydrocarbons, probably isomeric. The effect of such ~ - T =
impurity on the heat of combustion should be negligible. = E
Calorimetric Results. Typical combustion experiments for Stz T88no SR8858x 88 c
the compounds in the two series of experiments are sum- £ -E’ 8 % § g % % Ree—~"g T I o
marized in Table IV. It is impractical to list summaries =3 é L2223 c?o ! = ﬁlf” 2
for all experiments, but values of AEc°/ M for all experiments 2 e I g
are tabulated in Table V. Standard deviations of the mean i RS}
are given. All values of AEc®/M in Tables IV and V refer e SL8T 0w S3I2T58E I =
to the gram of sample as the measure of the amount of 2§ 3285 mSS-g+ g8 2
reaction. Equation 1 represents the combustion reaction: jgg §§§3§ % l - ﬁI:& *g
o] < — =N
[ g
CsHu(lig.) + 140:(g) = 9CO0:(g) + 10H.0(lig.) (1) g
. ) . : tjg I3Bwx Sﬁﬁggg g% 3
Derived molal enthalpies of combustion and formation i £3 JRZ88 gSS—%° %3 <+
for the liquid hydrocarbons are given in Table VI. One <82 £E38E3 3 ToRn b
set of values employs the sample mass as the measurement « cesca | ! n E
of the amount of reaction. The second set was based on s, -
the carbon dioxide recoveries. It was assumed that the X < g BZBuwe BIBRESE KX il
auxiliary oil and fuse burned completely. The sample mass L 5E3 § § g % I 8go—g ¥ o 2
was derived from the carbon dioxide recovery through the © SEE w3333 g TOE: g
stoichiometry of the combustion reaction, a procedure that Q& = ceees I n .
should give reliable results. Experiments are rejected if 5 gﬁ
unburned carbon remains in the bomb, and carbon monoxide LR : E8%une 5353383 27 b=
has never been detected. The molal values of AEc® and § =g BEZRE gSeNg¥ FIg 2
AHce® in Table VI refer to Equation 1. The molal values E S g2 9 2223 $ : i $2 553
of AHf® refer to Equation 2. g = - ) T =
el ~
9C(c, graphite) + 10H:(g) = CoHux(lig.) 2) E E e 5% ¢ 2TIR2E 23 ‘j
3 EZ2§ ZLEZEE dSsco~xnw ¢ .
Uncertainties expressed are the “‘uncertainty interval” (/7). £ 3 E £ B888s5:= g st
The enthalpies of formation of gaseous CO; and liquid s o ceeea | n =
water were taken to be —-94.051 and -68.315 kcal. per 8 D)
mole, respectively (22). Uncertainties assigned to gaseous T Ffry 288ux ZIREEI 3B 8
carbon dioxide (19) and liquid water (I8) were 0.011 and 2 :: .E’ E g § g % § Zeo—~gT B =
0.010 kcal. per mole, respectively. > g2 L2223 % ! o ; a §
N — ~
k] ! W
> +
DISCUSSION S fio N8Twn 3IIAELRVY 8] 7
E SEF SZZss gSc-ge g€
Comparison with Previous Work. n-Nonane is the only com- 3 g2 g2s2g % ! OEE =
pound of this group that has been studied previously. The . “ N z
“selected” value for n-nonane in the API Research Project 2 = s
44 tables is the value selected by Prosen and Rossini (I6). 2 Sy Z2XZne BIBER] 83 ~
Values for the normal alkanes above pentane were obtained 2 £ 2 2JZBg dSe~gwe g8 g
by fitting an equation, linear in the number of carbon g 232323 % I ” § 2 2
atoms, to the data of Jessup (/1) and Prosen and Rossini 3 T s
(15). The value of Prosen and Rossini (15) for the enthalpy =
of combustion of n-nonane, AHc$ss, was —1463.89 kcal. 2 £288we ILTRES 21 @
per mole. The value of Jessup (11), as revised by Prosen g SEZBS gS°-co¥ 83 &
and Rossini, was -1463.67. Their selected value was g2 22223 % ! ” & R
—1463.80 kcal. per mole. The value believed to be the g T =
most reliable of the measurements of this laboratory is z 3
—1463.96 kcal. per mole, which was derived by using sample 2| § § g 2% £IR8II 8 s
mass as the measurement of the amount of reaction. The é’ 2228 ZSE°TET B3 E
measurements for the nonanes from this research would 3 £283% 8! TORZ 2
be best compared with the API Research Project 44 tables T :1::’
by the subtraction of 0.16 kcal. (1463.96 — 1463.80) from S
their absolute values. This subtraction has been made in . g
Table VII, and the adjusted values for the heats of combus- o7 = g
tion are compared to the values predicted by the Rossini- EE DA g
Greenshields (13) and the Somayajulu-Zwolinski (2, 21) L= o8 Zo E
correlations. Except for the values for 2,2-dimethyl-3-eth- . o5 g, 8 ?‘E@ E'-g. <
ylpentane and 2,4-dimethylpentane, the agreement of the PO <|l 33 ’352 g E =
experimental values of AHc® with the correlated values T B j Ok ESEN S3 P
1s good. Most of the experimental values match the cor- E';i ga‘.': 'Ef ° '.::@1;51 L= é
related values within allowances for experimental error. The 3 é? =0 ¢ & §38 b 5 £
correlations appear to fail for molecules with adjacent Treed S255FF 8 C’?
methyl and ethyl groups on the alkane chain.
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The comparison with values from the Rossini-
Greenshields correlation is slightly misleading, because the
equation given by Rossini and Greenshields (9) for the
variation of heats of formation with molecular structure
will not exactly reproduce the values given by Labbauf,
Greenshields, and Rossini (I3) for the isomeric nonanes.

NOMENCLATURE
d = differential operator
m = mass, grams
n = number of moles
P = pressure, atm.
T = temperature
&(calor.) = heat equivalent of calorimeter, cal./° K.
¢(cont.) = heat equivalent of contents, cal./° K.
AE,;,. = energy of decomposition, cal.
AEign = electrical ignition energy, cal.
AE o 1o std. states = energy for reduction to standard states, cal.
AEc°/M = gtandard energy of idealized combustion reac-

tion, cal./gram
AEce = standard energy of idealized combustion reac-
tion, kcal./mole

AHce = standard enthalpy of combustion, keal./mole
AHf* = standard enthalpy of formation of liquid, kcal./
mole
Subscripts
{ = initial state
f = final state
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The boiling point of ketene was measured as —-49.8° C. The molar heat of vaporization
was calculated as 4880 cal. and the Trouton constant as 21.9.

THE boiling point of ketene is given in the literature
variously between -41° and -56°C. (2, 4, 5, 6). In the
work reported, another value was obtained, along with the
associated thermodynamic constants, by measurements of
the vapor pressure of ketene between —49° and -114°C.

PREPARATION OF KETENE

Ketene was prepared by cracking Analar acetone over
a Nichrome filament in a ketene lamp (7). The effluent
gases were passed through two traps maintained between
—-40° and -45°C., and a further trap immersed in solid
carbon dioxide and acetone. The ketene condensed in the
final trap, and after trap-to-trap distillation was shown
by mass spectrometric analysis to be approximately 90%
pure.
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This crude ketene was further purified by distillation
on a Podbielniak low-temperature column with a 90-cm.
Heligrid packing operated about 20 ¢cm. below atmospheric
pressure. The vessel containing the crude ketene was wound
with a small electrical heater and surrounded by a tube
immersed in solid carbon dioxide and acetone. It was
attached directly to the bottom of the column. The top
of the column was cooled by a mush of melting methanol
(—95°C.) which was maintained by occasional addition of
small amounts of liquid nitrogen, accompanied by vigorous
stirring.

The column was preflooded, and the heating adjusted
to give total reflux. Ketene was taken off slowly from
the top of the column to a conventional vacuum system
via a needle valve. A first fraction of about 10 ml. boiling
below —56°C. was discarded, a middle fraction of about
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