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Heats of Combustion, Formation, and Insomerization 
of Ten C4 Hydrocarbons 

Edward 1. Prosen, Frances W. Maron, and Frederick D. Rossini 1 

The heats of combustion of ten C4 hydrocarbons were measured by combustion of t he 
gaseous hydrocarbon in a flame at constant pressure in a glass reaction vessel in a calorimeter. 
The calorimeter system was calibrated by means of electrical energy. 

The experimental data yielded the following values for the standard heat of combustion, 
- t:J.Hco , at 25° C and co nstant pressure, of the gaseous hydrocarbon in gaseous oxygen to 
form gaseo us carbon dioxide and liquid wate r, with all t he reactants and products in their 
thermodynamic standard reference states, in k cal/mole : n-butane, 687 .42 ± O.15 ; 2-methyl
propane, 68S.37 ± O.11 ; I-butene, 649.33 ± O.18; cis-2-butene, 647.6S ± O.29 ; trans-2-butene, 
646.90 ± O.23 ; 2-methylpropene, 645.19 ± O.2S ; 1,2-butadiene, 619.93 ± O.13 ; 1,3-butadiene, 
607.16 ± O.18 ; I-butyne, 620.64 ± O.20 ; 2-butyne, 61S.84 ± O.23 . 

Values of hea ts of isomerization, formation, and hydrogenation were derived from these 
data . 

I. Introduction 

The present investigation, sponsored by the U. S. 
Office of Rubber Reserve, is a continuation of the 
thermochemical investigation of monomeric com
pounds [1] 2 of importance in the national synthetic 
rubber program, and is also a part of the work of 
the thermochemical laboratory of this Bureau on the 
determination of the heats of formation of compounds 
of importance to industry and science. 

Calorimetric measurements have b een made of 
the h eats of combustion at constant pressure of 
n-butane, 2-methylpropane (isobutane), I-butene, 
cis-2-butene, trans-2-butene, 2-methylpropene (iso
butene), 1,2-butadiene, 1,3-butadiene, I -butyne (ethyl
acetylene), and 2-butync (dimethylacetylene). 

Values of h eats of isomerization, obtained as the 
differences in the heats of combustion of corres
ponding isomers , are also reported. Combination of 
the heats of combustion with the heats of formation 
of water and carbon dioxide yields values for the 
heats of formation of these compounds . The 
description of the determination of the heat of 
isomerization of 1-3-butadiene to 1,2-butadiene has 
b een previously published [1] . For that determina
tion it was not necessary to determine the electrical 
energy equivalent of the calorimeter system. The 
calorimeter system has been calibrated with electrical 
energy as part of this investigation, thus yielding 
new values for the heats of combustion of these two 
compounds. 

II. Method 

The units of energy, molecular weights, and 
method of assigning uncertainties are the same as 
previously described [1] . 

The r elative values of the heats of combustion of 
these compounds were determined as described pre
viously [1] . This involved the determination of a 
constant B (eq 3 of [1]) from a series of calorimetric 
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combustion experiments on each compound, where 
B is essentially the t emperature rise of the calorim
eter system per gram of carbon dioxide formed in 
the combustion of the hydrocarbon. A standard 
calorimeter system and approximately the same 
temperature interval were used in all experiments. 
The temperature rise was measured as the increase 
in resistance of the given platinum resistance ther
mometer as determined on the given resistance 
bridge. 

To determine the absolute values of the h eats of 
combustion of these compounds, it was necessary to 
determine the electrical energy equivalent E s of the 
calorimeter system. This was done by using elec
trical energy to produce the same temperature rise 
in the standard calorimeter system as was produced 
in the calorimetric combustion experiments. The 
experimental value of the h eat evolved per mole of 
hydrocarbon r eacting is 

- !:lHc= Es·B- (44.010)n, (1) 

where 44 .010 is the molecular weight of carbon 
dioxide, and n is the num_ber of moles of carbon 
dioxide per mole of hydrocarbon (n is 4 for these 
C4 compounds) . 

III. Apparatus 

1. Calorimeter Systems 

The calorimeter assembly, thermometric system, 
reaction vessel, and sparking system have been de
scribed in the paper on the heat of isomerization of 
the bu tadienes [1 ]. Two changes were made in the 
calorimeter system during the course of this work, 
necessitating the consideration of thTee systems, I , 
II , and III. 

The calorimetric combustion experiments on the 
two butadien es [1] and the two butanes were per
formed , using system I. After calibration of system 
I with electrical energy, the Mueller resistance 
bridge, Number 404, was replaced by a n ew Mueller 
resistance bridge, Number 679195 . The calorimetric 

106 



combu tion experiments on the two butynes were 
performed, using this calorimeter system II. After 
calibration of system II with electrical energy, the 
Picein-coated calorimeter heater (1] was replaced 
by a new calorimeter heater. The calorimetric 
combustion experiments on the four butenes and a 
series of electrical energy calibration experiments 
were then performed on calorimeter system III. 
Platinum resistance thermometer No. 262214 was 
used throughout this investigation. 

The Picein on the old Picein-coated heater would 
occasionally crack, causing electrical leakage; or 
would chip off, causing a change in heat capacity, 
therefore, a new h eater was made that was com
pletely encased in copper. The new heater was 
wound on a thin copper cylinder 3 in. in diameter , 
3 in. high , and 0.016 in. thick. This cylinder was 
covered by a sheet of mica, 0.003 in. thick, over 
which was wound, noninductively, a heater of about 
65 ohms of enameled manganin r es istance wire, No. 
30 A WG. This wire was covered by another sh eet. 
of mica and another close-fitting machined copper 
cylinder, 0.016 in. thick, was slipped over the a -
sembly, and the two copper cylinders were soldered 
together at the ends (the inner cylinder having been 
originally machined with a lip at each end so that 
the two cylinders fitted very closely together at the 
ends and with just room e nough for th e wire and 
the two sh eets of mica in the body). A thin copper 
tube was soldered on to the ou tel' copper cylinder to 
carry the enameled copper wire leads, No . 28 AWG, 
through the water in the calorimeter can . The as
sembled h eater wa nickcl-plated and poli shed. 

2. Apparatus for Measurement of Electrical Energy 

The apparatus and anangement for measuring the 
electrical energy during the calibration experiments 
was es ent ially the same as that described previously 
(2]. A new Wenner poten tiometer (range 0 to 100, 
OOO,u v), Number 684695 , was used to measure the 
potential drops across th e standard r es istors. This 
potentiometer was calibrated by the R esistance Mea
surements Section of this Bureau immediately pre
ceding this series of experiments, and the potentiom
eter ratio was determined (3] at the time of each 
experiment with electrical energy. The potentio
meter ratio was determined by connecting in series a 
10-ohm standard resistor, a 100-ohm standard re
sistor, a variable resistance, and an auxiliary battery. 
The current through this circuit was adjusted, by 
use of the variable resistance, so that the po tential 
drop across the 100-ohm standard resistor was equal 
to the emf of the standard cell . This comparison 
was made by first adjusting the potentiometer work
ing current, using the standard cell, then replacing the 
standard cell 'with the potential leads from the stand
arcl resistor. When these were equal, the potential 
drop across the 10-ohm standard r esistor was read 
on the potentiometer. The ratio of this reading to 
the true po tential drop, as calculated from the known 
ClUTen t flowing through the standard resistors, is the 
potentiometer ratio. 

The standard cell and standard resistors used were 

calibrated by the Electrochemistry Section and R e
sistance Measurements Section of this Bureau , re
specti.vely, at intervals of a bout 1 year. 

The electrical power was computed as the product 
of the potential drop per ohm across a O.l-ohm stand
ard resistor in series with the calorimeter heater and 
the potential drop across th e calorimeter h eater , cor
rected for the current through the standard r esistors 
in parallel with the calorimeter heater. The poten
tial drop across the latter was determined from the 
potential drop across a 10·ohm standard resistor in 
series with a 10,000 ·ohm standard resistor, both of 
which were in parallel with the h eater. 

The current was diverted from the external "spill" 
coil to the calorimeter heater and back again with 
the use of an automatic switch, (4], which was acti
vated by seconds signals obtained from the Time 
Section of this Bureau. 

IV. Chemical Procedure 
1. Purity of the Compounds 

The source and purity of the 1,2-butadiene and 
1,3· butadiene were previously reported (1] . 

The 1-butyne and 2-butyne were API- NBS 
samples purified by the American Petroleum Insti
tute R esearch Proj ect 6 from material supplied by 
the American Petroleum Institute R esearch Project 
45 at the Ohio State University, through C. E. Boord. 
The purities of these two samples were reported 
(5 , 6] as follows, in mole percent: 1-butyne, 99.88 ± 
0.07 ; 2-butyne, 99.959 ± 0.038. 

The 2-methylpropene (isob utene) was supplied by 
the Standard Oil D evelopment Co., through W . J. 
Sweeney, and had a purity of 99.75 ± 0.10 mole 
percent, as determined from measurements of thc 
freez ing point (7] by A. R. Glasgow, Jr., of this 
Bureau. 

The n-butane, 2-methylpropane (isobutane) , 1-
bu tene, cis-2-butene, and trans-2-butene were Re·· 
search Grade hydrocarbons supplied by the Phillips 
Petroleum Co. through R. C. Alden and F. E. Frey. 
The pmities of each of these samples, excep t I-bu
tene, were determined from measurements of freezing 
points (7] by A. R. Glasgow, Jr., and A. J . Streiff 
(of the American P etroleum Institu te R esearch Proj
ect 6) as follows, in mole percen t: n-butane, 99.78 ± 
0.08 ; 2-methylpropane (isobutane), 99.88 ± 0.06; 
cis-2-butene, 99 .74 ± 0.10; trans-2-butene, 99.32 ± 
0.08 . The purity of the I-butene was reported by 
the Phillips P etroleum Co., from measurements of 
freezing points, supplemen ted by mass spectral 
analysis, to be 99.88 mole percent. 

I t is believed that in each case the impurity was 
predominan tly isomeric and present in such small 
amount that the value of the heat of combustion was 
not significan tly affected. 

2. Purity of the Reaction of Combustion 

As a check on the purity of the reaction of com
bustion , both the water and carbon dioxide were 
collected and the masses determin ed for most of the 
experiments. The results of these determinations 
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ar e o·iven in table 1, in which are listed, for each sub
stan~e , the number of experiments, the mean value 
of th e stoichiometric ratio, r , of number of moles of 
carbon dioxide to th e number of moles of water 
collected multiplied by the factor bj2a (where CaHb 
is the empirical formula of the hydrocarbon) , and 
th e standard deviation of the mean. "Blank" cor
r cctions to the weigh ts of the carbon dioxide and 
water absorption tubes were taken into accoun t, 
insofar as th eir effect on the ratio r was concerned , 
in conjunction with the procedure described below 
(section VI, 2) for determining the "ignition" e.nergy. 
These ignition-energy expcnments .were p er.formed 
in the same ma.nn cr as the combustwn cxperIments, 
except that the flamc was allow:d to. burn only 
about 40 sec. instead of about 20 mm. as m thc regu
lar combustion experiments. Thc procedure of 
handlino' the tubes and length of time of fI ushin g of 
the reaction vessel with oxygen were made the same. 
Any blank corrections to the \~T eights of the absorp
tion tubes due to fluslung wIth oxygcn or to the 
absorption of unburn ed hydr<?carbon in the absorp
tion tubes as th e result of any mcomple te combustwn 
during the ignition and extinction of the flame, 
were taken into account in the followin g manner. 
The deviat ion of the ratio r from unity for these 
short-time ignition experimcn ts was translated into 
an excess or deficiency in the mass of water collected . 
This correction was applied to the mass of water 
collected in the regular combustion experiments in 
calculating thc ratio l' given in tablc 1. 

TABLE 1. S toichiometric mtios of the masses of carbon dioxide 
to waler f ormed in the combustion of the hydrocarbons 

Substance 

N um
ber of 

experi
ments 

i\1ean va.1ue Sta nd a.rd 
of the de viation of 

stoichiomet- t he m ea n 
ric ratio, r 

----·-----·1-·-- --------
1.3.Butadiene.... . ....... 8 
1,2-Butadienc_____ _______ 6 
n-Bu tanc________ ________ 6 
2.Metby lpropane... ..... 6 
I·Butyne........ .. .... . . 5 
2.B utyne ........ . ...... . 1 
I·Butc ne ... ............. 5 
cis.2.Buteac ............. 4 
Irans·2·B utcne........... 5 
2·Mcthylpropene...... .. 5 

1. 00024 
0.99994 

. 99992 

. 99991 

. 99952 

.99980 

. 99952 
1. OOOOi 
0.99984 

. 99955 

± 0.00022 
±. 00019 
± .00009 
± .00005 
±. 00019 
±. 00017 
±.00009 
±. CO014 
± .00024 
± . 00021 

The h cat effect of any possible incomplete com
bustion during the ignition or extinction of the flame 
was taken into acount also by the method of deter
mining the ignition energy. With this procedure 
the heat of combustion was in rcality determined 
from the portion of the combustion when the flame 
was in a steady state, any constan t errors associatcd 
with thc ignition and extinction of the flame can
celing out. 

Samplcs of the products of combustion were ana
lyzed for carbon monoxid e, tIl e most likely product 
of incomplete combustion , by the Gas Chemistry 
Scction of this B ur eau [8] . In no casc was thc total 
amount of carbon monoxide greater th an 0.004 per· 
ccn t of the amoun t of carbon dioxid e formed in the 
combustion h ence no corrections were appl ied for 
this small a:mount of carbon monoxide. 

3. Determination of the Amount of Reaction 

For each calorimetric combustion experimen t, the 
amount of rcactionwas determined from the m ass 
of carbon dioxide formed, taking 1 mole or 44.010 g 
of carbon dioxide as equivalent to one·· four th mole 
of these C4 hydrocarbons. No blank correctjons 
were applied to the weigh ts of the carbon dioxide 
absorp tion tubes, since these corrections, if signifi
can t, "vere au tomatically translated into igni tion
energy corrections. 

V. Calorimetric Combustion Experiments 

1. Procedure 

The calorimetric combustion experiments were p er
formed as described in the paper on the h eats of isom
erization of thc butadienes [1]. For each of these 
differen t hydrocarbons, i t was n ecessary only to 
vary the amoun t of primary oxygen entering th e 
reaction vessel to produce a blue flame with a sharp 
inner cone to insure complete combustion of the 
hydrocarbons. The rate of flow of the hydr-ocarbon 
was set such as to produce upon combustion the 
required temperature rise of 4° C in the colorim eter 
system (equivalent to about 60,000 j of energy) in a 
period of a,bout 20 min. The secondary oxygen 
rate was set such that the total oxygen (primary plus 
secondary ) was about 150 percent of that required 
stoichiometrically for complete combustion. 

In the exp eriments wi th 2 ·bu tyne, which is nor
mally a liquid at room temperature, the vapor was 
in troduced into the calorimeter , using helium as the 
carrier gas. Any combustible impurities in the 
helium were removed by pass ing the helium through 
a tube packed with copper oxide and maintained at 
about 6000 C, then through, separate tubes con
taining ascarite, magnesium perchlora te, and phos
phorous p entoxide. The rate of flow of helium was 
determin ed with a bypass flowmeter, and at the 
proper instant during an expcrimen t, the helium 
was bubbled through a fritted-glass bubbler into 
th e liquid 2-bu tyne (at 15° C) and fed directly into 
the calorimetric reaction vessel. 

2. Determination of the "Ignition" Energy 

Experiments to determine the energy associated 
with th e ignition and extinction of the flame (igni
tion-energy experiments [1 ]) were perf.::nmed on each 
compound in the same manner as the regular com
bustion experimen ts , except that the flame was 
allowed to burn for only about 40 sec. The energy 
con tributed by th e combustion of the hydrocarbon , 
as determined from th e mass of carbon dioxide 
collected and an approximate valuc for the heat of 
combustion of th e hydrocarbon, was subtracted from 
th e total energy liberated in the short-time exp eri
ments, to yield the ignition energy. 

The mean ignition energies (with their stan d ard 
deviations) as detenn in ed by such experiments werc 
as foll ows : 1,3-butadiene and 1,2-butadiene, 
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33. 1± 2.8 j ; n-butanc, 63 .7 ± 3.6 j; 2-methylpropanc, 
60.0 ± 1.3 j ; I-butyne, 57.2 ± 5.6 j ; 2-b utyne, 71.8± 
7 .3 j ; ] -bu tene, 51.9 ± 4.2 j ; cis-2-butene, 46 .2 ± 4.4 j ; 
tmns-2-bu tene, 48.7 ± 0.2 j ; 2-methylpropene, 43.0 ± 
2.5 j . The uncer tainties in these ignition energies 
were taken into account in calculating the final 
uncer tainties assigned t o the heats of combustion. 

3. Results of the Calorimetric Combustion 
Experiments 

The resul ts of the calorimetri c combustion experi 
m en ts arc given in t able 2, in which arc listed for 
each compound the following qu antities: the experi
m ent number ; t;;.Rc, the correct ed temperature ri se 
of the calorimeter expressed in ohms; the mass of 
carbon di oxide formed ; qg and qu, the qu an t ities of 

----- -----

h ef\,t evolved in addition to that e\Tolved by th e 
standard calorimetric process [1] ; gi, th e igni tion 
en.ergy; B, the tempera ture rise in ohms of th e 
calorimeter system contribu ted by the s tandard 
calorimetric process per gram of carbon dioxide 
form ed ; and the mean value of B , t ogethcr with i ts 
standard deviation. The data on 1,3-bu tacliene 
and 1,2-bu tadien e have previously been published 
[1], and only th e mean value of B , together wi th its 
standard deviat ion , are given here. TheRe values 
cliffeI' from the previously publish ed values [1] of B 
du e to the use here of th e actual igni tion energv 
in stead of the "spar king" energy and du e to a chang"e 
in the calorimeter system between the time of th e 
combus~ion experiments and the electri cal energy 
experiments neees.:;i tated by repairs to the reaction 
vessel. 

T ABLE 2. T he calorim etric combt!sti on experiments 

E xpcri- M ass of Nl ca n va lue 
of Bwi t h its Com pound men L flRc carbon g, q. (J ; B standard nUlI1 ber diox ide dev iation 

Ohm8 0 j j j 0"1IIS/0 CO, 
Oll ",s/y CO, 

{ 0. 09356 14 1,3·Bulad icn c_. ________ ._ --------- ------------ .- . _------- ------.---- ------------- ± . 0000 11 0 

] ,2-B u tad icnc _____ _______ --.------ .-._-----_.- -------._.- ----.-._-- ----------- -------- ----------.-- { .0955293 
± .0000054 

1 0.38896 1 3. 68834 - 10. 1 -349.5 90.8 O. 1059294 
2 .391255 3. 71225 - 15. 9 -376.2 77. 2 . 1059456 

n-Bu la ne . _______ .... ____ 3 . 389fl82 3. 69852 - 26. 3 -382. 3 90.8 . 1059158 . 1059307 
4 . 391074 3.7 1027 - 23.5 - 361. 7 90.8 . 1059175 ±. 0000054 
5 . 39070 1 3.70800 -3 1. 0 -364. 0 63.7 . 1059464 
6 .391245 3. 714 10 -35. 0 -366. 1 (:3. 7 . 1059294 

1 0.391093 3. 72580 - 18. 9 - 426. I 73.5 0. 1056154 
2 .390330 3. 71645 - 30. 2 -372. 2 60. 0 . 1056250 

2-M ethy Jpropa nc . _ .... _. 3 .390794 3.72093 -34.5 -362. 2 ro.o . 1055 125 . 1056 143 
4 .390611 3. 71728 -21. 2 - 345. 1 60. 0 . 1056 152 ±. 0000032 
5 .389206 3.70505 - 14 .. ' -375. 1 73 . 5 . 105('003 
6 . 388287 ~. 69'183 - 18. 0 - 356. 1 73.5 . 1056168 

I 0.386227 4. 0,,049 + 19. 5 -347. 9 57. 2 0. 09555 11 
2 .388306 4. 08219 + 14. 9 -342. 9 57. 2 . 0955518 

1·B u ty nc ________ .... ____ 3 .366382 3.84684 + 7. 6 - 286. 2 57. 2 . 0956 153 . 0955834 
4 .386570 4. 06392 - 2. 6 - 347. 6 57.2 . 0955896 ± . 0000108 
5 .387494 4. 07181 - 1.6 -322. 4 57.2 . 0955896 
6 . 394014 4. 13909 - 4.6 -314. 2 57.2 . 0956030 

2-B u i yn e .. ____ .. __ ______ ! 1 0.385354 4.09629 +5. 0 -585. 0 71. 8 0. 0948779 
2 . 393201 4. 16628 - 3.5 -347.8 71. 8 . 0948117 

) . 0948451 3 .392782 4. 162 11 - 0. 6 -364.3 71. 8 . 0948273 
4 .391251 4. 14674 - 6.5 -383.5 71. 8 . 0948487 ±. 0000 11 7 
5 .394437 4. 18146 -3. 2 - 410. 6 71. 8 . 0948600 

1 0. 390078 3. 92707 + 4. 0 -350. 3 51. 9 0. 0998168 
2 . 390959 3. 93618 -25.8 -343. 3 5 1. 9 .0998460 

I-Bu ten c ... ____________ __ 3 .39111 6 3. 93653 - 18.6 - 346. 3 51. 9 . 0998699 . 0998454 
4 .390408 3. 93 126 - 13. 5 -352. 2 51. 9 . 0998251 ± . 0000096 
5 .390460 3. 93052 - 17. fl -337.4 51.9 . 0998394 
6 .389913 3. 92383 - 8.8 - 349. 2 51. 9 . 0998753 

J 0.39 11 48 3. 94593 + 2.5 - 340. 9 46. 2 0. 0996051 
2 . 391834 3.95409 + 12. 6 -316.3 46. 2 . 0995172 
3 .391826 3. 95239 + 13. 9 -332.6 46.2 . 0995826 1 · "~$OO cis·2·Butene __ .. ____ __ __ __ 4 . 39100 1 3. 94650 - 17.3 - 343. 9 46.2 . 0995917 ± .0000200 5 .390403 3. 93893 - 19. 8 - 364 . 1 46.2 . 0996685 
6 .391305 3. 94849 - 28. 0 -332. 7 46. 2 . 0996177 
7 .388294 3. 92211 - 10. 6 -352.8 46. 2 . 0995245 

I rans·2·Bu teue .. __ _______ ! 1 0.3(;085 1 3. 94982 + 12. 5 -351. 1 48.7 0.0. 94290 
2 .391170 3. 95 104 + 12. 4 - 347. 3 48. 7 . 0.94730 

) . 0994716 3 .391 794 3. 95639 - 9. 4 - 337.8 48. 7 . 0995162 ± . 0000163 4 .391 341 3. 95343 - 13.8 -346.3 48.7 . 0994974 
5 . 390535 3.94809 - 12. 1 -356. 9 48. 7 .0994426 

2-M cthy lpropcne ________ ! 1 0.393353 3. 98479 + 24 .6 - 405. 8 43 . 0 0. 0992(:28 
2 . 389757 3. 95268 + 19. 9 - 412. 9 43. 0 . 0991787 

) . 0992089 3 . 38911 3 3. 94302 + 14. 0 -389. 1 43.0 . 0992289 ± . 000017L 4 . 383724 3.89059 + 14. 1 - 382. 0 43. 0 . 0991691 
5 . 11 1579 J. 13195 +20. 7 - 174. 4 43. 0 . 0992052 
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VI. Electrical Energy Experiments 

1. Procedure 

The calorimetric procedure used in the electrical 
energy experiments was the same as in the combus
tion experimen ts [1], except that electrical energy 
instead of chemical energy was supplied during the 
reaction period. The voltage across the 65-ohm 
calorimeter heater was about 60 v, and the time of 
heating was about 20 min. (about the same length 
of heating time as in the combustion experiments). 

2. Results of the Electrical Energy Experiments 

The results of the electrical energy experiments are 
given in table 3, in which are listed, for the experi
ments on calorimeter systems I, II, and III, the 
following quantities: The experiment number; !1Rc, 
the corrected temperature rise of the calorimeter 
system expressed in ohms; the amount of electrical 
energy supplied to the calorimeter; E s , the electrical 
energy equivalent of the calorimeter; and the mean 
value of E s , together with its standard deviation. 

TABLE 3. The electrical calibration experiments 

Experi- Electri· Mean value of 
Calorimeter E s Es with its 

system ment !lRc cal standard number energy • deviation 
-------

Ohms j jfohm j /ohm 

L ....... _______ j 1 0.401716 61953.5 154222. 1 

)154230.2 ±4.3 
2 .392416 60525.4 154237.8 
3 .391576 60397.5 154242. 1 
4 .391473 60373.0 154220.1 
5 .391621 60399.3 154229.0 

nl 
1 .394433 60867.0 154315.2 
2 .395498 61035.7 154326.2 
3 .391968 60485.3 154311. 8 154319. 6 ±2.5 4 .394095 60815.3 154316. 3 
5 .394425 60870.3 154326. 7 
6 .394851 60934.0 154321. 5 

lll ______ __ . _____ { 

1 .391971 60581. 3 154555.6 

)154562.9 ±3.2 
2 .395233 61086. 7 154558. 7 
3 .393619 60837.8 )54560.1 
4 .393612 60839.6 154567.4 
5 . 361J59 55825.4 154572.9 

To test for systematic errors, several series of 
experiments were performed in which the voltage 
supplied across the calorimeter heater was 35 to 40 v 
instead of 60 v, thus making the heating period 
(40 to 50 min) at least twice as long as the usual 
20 min. The resulting electrical energy equivalents 
obtained from three such experiments on calorimeter 
system I was Es =154253±41, from five experiments 
on calorim eter system II was Es= 154341 ± 5, and 
from five experiments on calorimeter system III was 
E.= 154568 ± 10 (standard deviation of the mean). 
Since these experiments were performed under con
ditions greatly different from the usual electrical 
energy experiments or the calorimetric combustion 
experiments, it was concluded that the heat leak 
corrections were being made properly and that the 
rate of stirring of the water in the calorimeter vessel 
WIl,S adequate. 

VII. Heats of Combustion, Formation, Isomerization, 
and Hydrogenation 

The product of Band E s multiplied by the molec
ular weight of carbon dioxide and the number of 
moles of carbon dioxide per mole of hydrocarbon 
(eq 1) yields the heat of reaction as expressed by the 
"standard calorimetric process" r1]. In these experi
ments, in which approximately 50 percent of excel;S 
oxygen was employed, the process may be defined by 
the equation 

° (b +4a) CaHb (gas, 1 atm, 25 C) +3 -8- O2 (gas, 1 atm, 

25°C) =[aC02+C ~4a)02}gaS, 1 atm, 25°C) + 

(2) 

To convert the heat of this reaction, -!1Hc, to the 
standard heat of combustion, -!1Hco, as expressed 
by the reaction at 25° C 

CaHb (gas) +C +4 4a) O2 (gas) = a CO2 (gas) + 

~ H 20 (liq) , (3) 

it is only necessary to take account of the change in 
heat content for each gas from its given pressure to 
zero pressure, so that each substance will have the 
heat content of the thermodynamic stan.dard state. 
For this calculation the change in heat content, 
rHP=o-HP=1]298. 16, was taken as - 180 j/mole for the 
0 4 hydrocarbons, - 8.1 j /mole for oxygen, and 
- r8.06 + 15.9x + 17.4x2] j /mole r9] for carbon dioxide
oxygen mixtures, where x is the mole fraction of car
bon dioxide in the mixture. As seen from table 4, 
the value of this correction is -0.02 kcal/mole for 
each of the compounds investigated. 

In table 4 are listed for each compound: the mean 
value of B from table 2; E s , the mean value of the 
electrical energy equivalent of the calorimeter system 
from table 3; -!1Hc, the heat of combustion for the 
standard calorimetric process; - !1Hco , the standard 
heat of combustion; !1HjO, the standard heat of 
forma tion ; !1Ho isomeriza tion; and !1Ho hydro
genation. 

The heats of formation were calculated from the 
heats of combustion utilizing the values of 68.317 
± 0.010 kcal/mole [10] and 94.052 ± 0,011 kcal/mole 
[17] for the heats of formation of water and carbon 
dioxide, respectively. 

The heats of isomerization are the differences in 
the heats of combustion, but the uncertainty is lower 
than the combined lllcertain ties of the heats of 
combustion since the electrical energy equivalent of 
the calorimeter system need not be known precisely 
[11]. These heats of isomerization apply to the re
action of forming the particular isomer from the 
first isomer listed. 
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TABLE 4 . The heats of combustion, fonnation, isomerization and hydrogenation at 2.5° C 

Com pound (gas) B Es -t!. l[e - 6/JcO t!. 11[" t!. [ [ 0 iso- t!. LIO h ydro-
cr ization gcnation 

-
Ohms/gCO, jfohm i:j/mole 

1,3-·IJ111adicnc ___ ____ O. 0935614 ±. 0000220 154230.2 ±8.6 2540. 26 ±O. 75 
1,2-13l1tadicnc _______ .0955293 ±.0000108 154230.2 ±8.6 2593.69 ±.55 

n-Bul~nc ___________ . . 10.09307 ±.0000108 154230.2 ±8.6 2876.00 ±.63 
2-Mcl h ylprOI)!UlC ____ · 1056143 ±. 0000064 154230. 2 ±8. 6 ' 2867. 50 ±. 48 

1-TIuly nc __________ __ · 0955834 ±. 0000216 15<1319.6 ±5. 0 2596.66 ±.85 
2-Bu lYlle ._---._-- .0948451 ±.0000234 154319.6 ±5. 0 2576.60 ±.97 

I-Bule ne ___________ .0998454 ±. 0000192 154562. 9 ±6. 4 2716.72 ± .76 
cis-2-Uu le ne ________ · 0995869 ±. 0000400 154562. 9 ±6.4 270P.69 ±l. 2.1 
lruns-2-Butene _______ .0994716 ± .0000326 154562. 9 ±6.4 2706.5.1 ± .97 
2-Mcth ylpro pene ____ · 0992089 ±. 0000312 154562. 9 ±6.4 2699.40 ±l. 04 

The heaLs of hydrogenation were derived from the 
heats of combustion of the compounds involved, 
combined wi th the heat of formation of water. 
These heats of hyclTogenation apply to th e reaction 
of hyci.roo·enation of the particular unsaturated com
pound to form the parent atUl"ated hydrocarbon , 
n-butane or 2-methylpropane. 

-----
keal /mole 60;,:etJ/:~e;~ "col/mole keal /mole kml/mole 

607. 14 ±0.18 +26.00 ± O. 19 0 -li6.37 ±0.24 
619.91 ±. 13 619.93 ±. 13 +38. 77 ±.14 +12.77 ±0. 18 - 09.14 ±.20 

687.40 ± .15 687.42 ±. 15 -30.37 ±. 16 0 0 
685.35 ± .11 685.37 ±. 1l -32. 42 ±. 13 -2. 05 ±0. 12 0 

620.62 ±.20 620.64 ±.20 +39.48 ±.21 0 -69.85 ±.25 
615.82 ±.23 615.84 ± . 23 +34.68 ±.24 -4.80 ±0.28 -65.05 ±.28 

649.31 ± .18 619.33 ±.18 - 0.15 ± . 19 0 -30. 22 ± .23 
647.63 ±.29 647.65 ±.29 -1.83 ±.30 -1. 68 ±0. 32 -28.54 ±.33 
646.88 ±.23 646.90 ±.23 - 2.58 ±.24 -2.43 ±0.26 -27.79 ±.27 
645. 17 ± . 25 645. 19 ±. 25 - 4.29 ±.2C, -4.14 ±0.28 -28. 13 ±.27 

Some additional heats of isomerization, hydro
genation (or dehydrogenation), or both isomeriza
tion and hydwgenation (or dehydwgenation) are 
given in table 5. Hydrogen is on e of the r eactants 
(or products) if the l'eactioninvolves hydrogenation 
(or dehydrogenation ). 

T AB I,E 5. Ileats of isomerization and/or hydrogenation in the gaseous state at 2.5° C 

Product (gas) 

R eactant (gas) 

::,,,,,1 

2-MeLh-
1 1-Uutcne I cis-2-

I 
2-Meth-

I 
.:!.,2-Du-

I 
1,3-13u-

I 
l-B ULyn cI 2-Butyne y lpro- Butene ItranS-2- ylpro- tudi(, llc tad icne pane BULcne pane 

I -
t!. n °, kcal /mole 

n-Butanc ________________________________________ 0 -2. 05 +30.22 +2.8.54 +27.79 +26.08 +69.14 +56.37 +69.85 +C,5. 05 
2-M etb ylpropallc _________________________________ :: -t 2. 05 0 +32.27 +30.59 +29.81 -t 2 . 13 +71.19 +5~. 42 +71.90 +67.10 
1-flulol1e ___ ___________________ . ____________________ -30.22 -32.27 0 -1.68 -2.43 -4. 14 +38.92 +26. 15 +39.63 +34.83 cis-Butenc __________________________________________ -28.54 -30 .. 09 + 1. 68 0 -0.75 -2.46 +40.60 +27.83 +41.31 +36.51 

trans-2-13utel1e _____ ________________________ .. ________ -27.79 -29. R1 +2.43 +0.75 0 -1. 71 +41.3.'\ +23. 58 +42.06 +~7. 26 2-Methylpropane ______ ___________ __ _____________ _. -26.0 -28.13 +4.14 -t 2. 46 +1. 71 0 +43.00 +30.29 +43.77 +38. 97 
1,2-Bttladienc ___ . _________________________ _________ -69. 14 -71.19 -38.92 -40. flO -4 1. 35 - 43.06 0 -12.77 +0. 71 - 4.09 
1,3-11u tadienc ___ - ---------------------------------- -56.37 -58. 42 -26. 15 -27.83 -28.58 -30.29 + 12.77 0 + 13_ 48 +8.68 
I -Butyne _____ ________ __ ___ _________________________ -69. 85 -71. 90 -39.63 -41.31 - 42.06 -43.77 -c. 71 -13. 48 0 -4.80 2-B ll lyno ____ __ ________ __ ________ . _ 

------------ - --- -65.05 -67. 10 - :;4.83 -36.51 -37.26 -38.97 +4.09 -8.68 +4 0 0 

VIII. Comparison with Earlie r Data 

The results of the present investigation arc 
compa.red in table 6 with earlier data on heats of 
combustion and heats of hydrogenation_ 

It is to b e noted that the earlier data from this 
laboratory [12, 13] on n-butane and isobutane 
differ from the data of the present in vestigatioll by 
an amount significantly greater than the estimated 
uncertainty of the differencc_ 0ne of the authors 
(Rossini) has carefully reviewed the earlier data but 
has been unable to discover any rea on for the 
indicated difference other than the possibility that 
the earlier samples of n-butane and isobutane were 
not as pure as believed_ The purity of the earlier 
samples of n-butan e and isob utane was not de
termined from m easurements of freezing points but 
from differential vapor-pressure measurements , 
quantitative evaluation of which involved assump
tions as to the impurities presen t in the samples. 

T A BLE 6. Comparison of the data of the present investigation 
with earlier data 

Com pound a ~e rOlp pI.C\ lOUS present investi-I v If· ,. I V aluc [rom I 
lnvestlgatiOn gation 

D ifference 

Standard heat of co mbustion , - t!.lfcO a t 25° C, in kcal/mole 

n-Butane ___________ ! 687.98 ±0. 17 [12l 

! 
687. 42 ± 0. 15 ! 0.56 ± 0. 23 

2-M cth ylprOI) 'WC ___ 686.34 ± . 15 [13 685.37 .± . 11 .97 ± . 19 

Standard heat o[ hydrogenation , t!.[[0 at 25° C, kcal/mole 

1,3-Du tad ienc _______ -56.56 ± O. 15 [14 -56.37 ±0. 24 0.19 ± 0.28 
2-B llIyne _____ ______ -65. 19 ± . 30 ll 5 -65.05 ± . 27 . 14 ± . 40 
1-Uutene _____ ______ -30.09 ± . 10 l16 -30.23 ± . 23 . 14 ± .34 
cis-2-13utcne ____ ____ -28.45 ± . 10 l l6 -28. 55 ± .33 . 1O ±.34 
Irans-2-Bute nc ______ -27.4 1 ± .10 l l6 - 27.80 ± . 27 .39 ± .29 
2-Mcthylpropenc ___ - 28. 11 ± . 10 [ I(j -28. 14 ± _ 27 .03± . 29 

The accord of the data of the present investigation 
with the data on heats of hydrogenation by Kistia
kowsky and coworkers [14, 15, 16] is very good, 
except in the case of trans -2-butene, for which the 
difference is only slightly greater than the combined 
uncertainties. 
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