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PREFACE 

During the last fifteen years a research program 

backed by the American Petroleum Instttut has been carried 

on by the late Dr. E. 1. Washburn, Dr. '. D. Rosini, and 

associates at the Bureau of Standards. The proper.ties of 

pure paraffin hydrocarbons from the gaseous to the gaso- 

line range, along with a few of the kerosene fraction, 

have been investigated. 

At the present time attention is being turned to the 

free energy of formation of these hydrocarbons, particularly 

those which exist in isomeric forms. 

By agreement with the Bureau of Standards, and with 

the aid of the Research Division of the Standard Oil Co. 

of California, a part of this investigation was permitted 

to be done at Oregon State College. The project design- 

ated was the heat of combustion of the nine isomers of 

heptane. 

The work and the results therefrom constitute the 

subject of this dissertation. 
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I N T R O D U C T I O N 

SIGNIFICANCE OF TH FREE ENERGY OF FORNATION 

The concept of free energy is of immense fundamental 

and practical importance in dealing with the energy require- 

ments and equilibrium relations which accompany chemical 

changes. 

The best way to obtain the free energies is through 

the relationship F = H - TS, or for an isothermal process 

4F H - T4S where ¿H is the heat of reaction and 

S the entropy change in the reaction. The entropy 

change and the heat of reaction are quantities which are 

dependant on thermal measurements alone. 

When the free energies of formation for a series of 

compounds can be ascertained, the way lies open for the 

prediction of the chemical behaviour of these and similar 

compounds under any given conditions. For example, the 

free energy might be used to calculate the equilibrium 

constant in a synthetic organic reaction, or to check on 

trie efficiencies of this reaction as carried out under 

actual operating conditions. In the case of isomeric 

compounds, a knowledge of the free energies of the isomers 



will indicate their relative stability and show which 

structures are most likely to be formed in methods of 

synthesis. 

i?ree energy data for hydrocarbons which contain more 

than three or four carbon atoms per molecule has been 

calculated by using the specific heat and the heat of 

combustion. Much of the present information is based on 

combustions which were done many years ago when the pre- 

cision of the measurements was not as great as it is today. 

Obviously, in dealing with isomers, which have very little 

difference in their heats of combustion, the use of these 

previous values may cause the uncertainty of the relative 

free energy values to be large. 

Parks and Huffman conclude from preliminary combus- 

tion data for the isomeric heptanes and three of the iso- 

meric octanes that any branched chain isomer should be on 

a higher free energy level than the normal compound. How- 

ever, Knowlton and Rossini'3" suggest that from their recent 

investïgation of the combustion values for the isomers of 

butane and pentane, that the converse is true. 

This is also shown by the work of Montgomery, McAteer, 

and Pranke3 on equilibrium in butane isomerization. 

All these results suggest that at ordinary temperatures 

the 2 methyl Isoparaffin Is more stable than the normal 

compound. That Is, lt Is at a lower energy level. 
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The desirability of similar studies is apparent. 

The results obtained in this present work are expected 

to fit in with data on the pentanes, hexanes, and octanes, 

obtained by the Bureau of Standards, permitting the estab- 

lishment of equations for heats of formation, free energy, 

entropy, etc. in terms of the number of carbon atoms, 

number of side chains etc. 
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SYTH1ISIS OF ISOMERIC IThPTMThS 

Samples of eight of the nine heptanes used in the 

combustions were supplied by the Research and Development 

Department of the Standard Oil Company of California. 

These were made in 1939 specifically for the present work. 

The method of preparation and purification of these 

hydrocarbons is best described by quoting directly two 

memoranda supplied with the samples. 

3amls of n. heptane and 2-2-3 trimethylbutane were 

supplied by F. D. Rossini of the Bureau of Standards. 

The Ethyl Gsol1ne Corporation provided a sample of 

3-3 dirnethylpentane for checking purposes. 
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M E M O R A N D U M 

Three of the eight branched-chain heptanes have been 

synthesized in a state of high purity. These hydrocarbons 

are 2-methyihexane, 3-methyihexane and 2, 2, 3-trimethyl- 

butane. The method used was essentially that described by 

Edgar, Calingaert and Marker, J. Am. Chem. Soc., 51, 1433 

(1929); the modified method is described below. 

Procedure for 2-methylbexane. 

To a solution of the Grignard reagent prepared from 

four moles of n-butyl bromide and 4.1 moles of magnesium 

turnings in 1500 cc. of anhydrous ethyl ether was added 

with stirring four moles of acetone. After standing over- 

night, the mixture was decomposed with 200 cc. of water, 

and the magnesium compounds were then dissolved in 800 cc. 

of 2O hydrochloric acid. The mixture was stirred and 

cooled in an ice bath during the addition of water and acid. 

The ether layer was separated, washed with water, dilute 

sodium carbonate solution, and water again, then dried over 

anhydrous sodium sulfate. The ether was removed from the 

solution by distillation through a fractionating column 

ith an efficiency of fourteen theoretical plates. It was 

found thet the addition of a small amount of anhydrous 

potassium carbonate was necessary to prevent decomposition 

of' the alcohol during the removal of the ether. 



After the ether had been removed, the heptyl alcohol 

from four batches prepared as above were combined, and 

several grams of iodine crystals were added to catalyze the 

decomDosit ion of the alcohol. Oil and water were distilled 

over at l77.5_l8l0., and the oil was then redistilled with- 

out purification and the cut boiling from 199-206°F. was 

taken as 2-niethylhexene-2, washed with dilute sodium thio- 

sulfate solution, water and dried over anhydrous calcium 

chloride. 

The 2-methylhexene-2 was charged to a hydrogenation 

bomb and hydrogenated at 135 atmospheres pressure at a 

temperature below 3000F. over a Raney nickel catalyst until 

the product was almost completely reduced (bromine number 

les than i). The product was washed with several portions 

of water, then shaken with portions of concentrated sul- 

furic acid until the acid washings remained colorless, then 

washed with water again, and dried over anhydrous calcium 

chloride. It was then refluxed over sodium for several 

hours and then distilled through a fractionating column 

with an efficiency of 38 theoretical plates. A heart cut 

of 500 cc. boiling at 193.9 ± 0.10F. was removed as pure 

2-methyihexane (n° = 1.3850). 

The reactions involved in the synthesis are indicated 

be low: 

(a) Preparation of 2-methylhexanol-2. 



(i) CH3CH2CH2CH2Br -+ Mg --CH3CH2CH2CH2Mg Br. 

(2) CH3CH2CH2CH2Mg Br + (CH3)2C O -- 
CH3(CH2)3 0(0 Mg Br)(CH3)2. 

(3) cH3(CH2)3 c(o Mg Br)(CH3)2 H20 

CH3(CH2)3 C(OH)(CH3)2 -i- Mg (OH)Br. 

2 -rnethylhexanol-2 

(b) Preparation of 2-methylhexene-2. 

(4) cH3(cH2)3 c(oH)(cH3)2 -±i.- CH3(CH2)2 CH 

C (CH3)2 o 

(e) Preparation of 2-methylhexane. 
Raney 

(5) CH3(CH2)2 CH= c(cH3)2-i- H2 
nickel 
catalyst 

CH3(CH2)3 CH (cH3)2 

2 -met hyihexane 

Procedure for 3-metbylhexane. 

3-methylhexanol-3 was prepared from n-propyl magnesium 

bromide and methyl ethyl ketone in the saine manner as des- 

cribed above. After the 3-methylhexene-3 had been prepared, 

it was further purified by refluxing over sodium before 

hydrogenation. The purified 3-methyihexane (volume 495 cc.) 

boiled at 197.1 t 0.1°F. and. had. a refractive index, 

200 
= 1.3887. 

The reactions involved are indicated as follows: 



(i) CH3CH2CH2Br + Mg CH3CH2CH2Mg Br. 

(2) CH3CH2CH2Mg Br CH3CH2COCH3 - 
CH3(CH2)2 c(o Mg Br)(CH3) CH2CH3. 

liZO 
(3) cH3(cH2)2 c(o Mg Br)(CH3) CH2CH3 

CH3(CH2)2 c(oH)(cH3) CH2CH3. 

(4) CH3(CH2)2 c(oH)(cH3) CH2CH3 CH3CH2CH: 

c(cH3) CH2CH3--H2O. 

(5) CH3CH2CH c(cH3) CH2CH3-t H2 u- 

CH3CH2CH2CH (cH3) CH2CH3. 

3-me thyihexane. 

Procedure for 2,2,3- trimethylbutane. 

This hydrocarbon was prepared in a similar manner to 

that described above, starting with tert-butyl chloride, 

magnesium, and acetone. The yield of olefin in this case 

was very poor (less than 2O°) and consequently six batches 

of alcohol were prepared and dehydrated before hydro- 

genation. A heart cut of purified 2,2,3- trimethylbutane 

(volume 305 cc.), boiling at 177.6 ± 0.1°F., was removed. 
200 

The product had a refractive index, D 
1.3894. 

The reactions involved are indicated as follows: 

(i) (CH3)3 C Cl + Mg -b- (CH3)3 C Mg Cl. 

(2) (cH3)3 c Mg Cl + (CH3)2 CO 

(CH3)3 C C (o Mg cl)(CH3)2. 



H20 
(3) (CH3)3C c(o Mg ci)(CH3)2 (cH3)3C C(OH)(CH3)2. 

12 
(4) (cH3)3c c(oH)(CT-13)2 (cH3)3 C CH2+ H20. 

CH3 

(5) (cH3)3 cc C1--H2-- (Cil3)3 C CH(CH3)2. 

2,2,3- trimethylbutane. 

Reagent s. 

The organic halides used were purchased from the 

Eastman Kodak Company and were used after drying over 

anhydrous calcium chloride. 

n-butyl bromide b.p. 212-213.8°F. 
tert-hutyl chloride b.p. l22.l2.8°F. 
n-propyl bromide b.p. 158-159.8 F. 

The acetone was Baker's C.P. analyzed material, 

b.p. 131.9-135.5°F. and was used after drying over calcium 

chloride. 

The methyl ethyl ketone was Eastman practical ketone 

and was redistilled to yield a heart cut boiling at 

174.7-175.3°F., which was kept over anhydrous calcium 

chloride. 

The magnesium turnings were purchased from the 

Eastman Kodak Company. 

The ethyl ethr was c.r. Baker's analyzed ether, dis- 

tilled over sodium, and was kept over sodium for several 

days before using. 
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MEMO R AND UM 

Five of the eight branched-chain heptanes have been 

prepared in a high stte of purity. The hydrocarbons 

are 2-3 dimethylpentane, 3 ethylpentane, 2-4 dimethyl- 

pentane, 2-2 dirnethylpentane and 3-3 dimethylpentane. 

The synthesis of the three other branched-chain heptanes 

is described in a previous memorandum. 

Procedure for 2-3 dimetntane. 

To a solution of the Grignard reagent prepared from 

four moles of isopropyl bromide and 4.1 moles of magnesium 

turnings in 1500 cc. of anhydrous ethyl ether was added 

with stirring four moles of methyl ethyl icetone. After 

standing overnight, the mixture was decomposed with ¿00 cc. 

water, and the magnesium compounds were then dissolved in 

800 cc. of 2O hydrochloric acid. The mixture was stirred 

and cooled in an ice bath durthg the addition of water and 

acid. The ether layer was separated, washed with water, 

dilute sodium carbonate solution, and water again, then 

dried over anhydrous sodium sulfate. The ether was removed 

from the solution by distillation through a fractionating 

column with an efficiency of fourteen theoretical plates. 

A small amount of anhydrous potassium carbonate was added 

to the ethereal solution to prevent decomposition of the 

1coho1 during the removal of the ether. 



1]. 

After the ether had been removed, the crude heptyl 

alcohol bottoms from four batches prepared as above were 

combined, and several grams of iodine crystals were added 

to catalyze the decomposition of the alcohol. Oil and 

water were distilled over at 162 - 171°F.; the oil was 

separated, washed with vater, dilute sodium thiosulfate 

solution, water again, and dried over anhydrous calcium 

chloride. 

This crude 2,3- dimethylpentene -2 was charged to the 

hydrogenation bomb and hydrogenated at 135 atmospheres 

pressure over a Raney nickel catalyst until the product was 

almost completely saturated. The product was washed with 

several portions of water, then shaken with portions of 

concentrated sulfuric acid until the acid washings remained 

colorless, then washed with water again, and dried over an- 

hydrous calcium chloride. It was then refluxed over sodium 

for several hours and then distilled through a fraction- 

ating column with an efficiency of 38 theoretical plates. 

A heart cut of 320 cc. boiling at 193.8 ± 0.10F. corr. was 
200 

removed as pure 2, 3- dimethylpentane 
D 

= 1.3920. 

The reactions involved in the synthesis are indicated 

below: 

(a) Preparation of 2, 3- dimethylpentanol -3. 

(1) (cH3)2 Cil Br + Mg (cH3)2 CH Mg Br. 
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(2) (CH3)2 CH Mg 9r + CH3CH9COCi3 - 

(cH3 )2c'r c (o g Br)(CH3) CH2CH3. 

(3) (CH3)0 CTI c (o Mg r)(CH3) CH2CH3 HO 

(CH3)2 CH C OH (CH3) CTI2CH3 g (OH) Br. 

(b) Prepar.tion of 2, 3- dmethylpentene -2. 

(4) (cH3)2 CH COTT (CH3) CH2CH3 - (cH3) C: 

:C (cH3) Ci12CH3. 

(c) Prepartion of 2, 3- 
Rarley 

(5) (CH.z)r, C = C(CH3) CH3CH3+ H0 
nickel 

(CH3)2 CH c: (cTT3) CH 0.13. 

Procedure for 3- ethylpentane. 

3- ethylpentanol was prepared in a manner similar to 

the one descrfbedabove from ethyl bromide, magnesium, and 

ethyl propinonate. The purifIed 3- ethylpentane (volume 

7.58 cc.) boiled at 200.3° ± 0.1°F. and heart cut of 470 cc. 

had a refractive index of 1.3932. 

The reactions involved are indicated as follows; 

( i ) CH3CH2 Br -- Mg »- CH3 CH) Mg Br. 

(2) 2 CH3CH2Tg Br -I- CH3cH2COOC2H5--(CH3CH)3C O MgBr 
. 

C11150 Mg Br. 

( 
3 ) ( 

CH3 CH2 )3 C O Mg Br -i- H O - ( CH3CH2 ) C O H 

-I- Mg (OH) Br. 
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(4) (cH3dH2)3 C o ii _-E- (0H30H2)2 C=CHCH3 4- H20. 

() (cH3dH2)2 c= cii cH3:u '-(CH3CH2)2 CHCH2CH3. 

3-ethylpentane. 

Procedure for 2,4- dirnethentane. 

One liter of di-isopropyl ketone was charged to the 

hydrogenation bomb and hydrogenated over a Raney nickel 

catalyst under 135 atmospheres pressure to di-isopropyl 

carbinol (2, 4-dirnethylpentanol -3). The carbinol was 

dehydrated with an equivalent quantity of phosphorus pent- 

oxide in a still connected toa 14 plate fractionating 

column and the cut boiling from 177-181°F. was collected 

as 2, 4- dimethylperitene -2. After being washed with 

water, dilute potassium carbonate solution, water again, 

then dried over anhydrous calcium chloride, the olefin was 

hydrogenated over Raney nickel. The product was washed 

with water, several portions of' concentrated sulfuric acid, 

water again, then dried over anhydrous calcium chloride. 

The hydrocarbon was refluxed over sodium and. distilled 

through a 38 plate fractionating column. A volume of 

365 cc. of 2,4- dimethylpentane, boiling at 176.8 ± 0.1°F., 
20°C 

with refractive index, = 1.3819, was collected. 

The reactions involved in the synthesis are: 

(1) (cH3)2 CHCOCH(cH3)2 + H2 (Ci-I3)2 CHCHOHCH(CH3)2. 
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(2) 3(0H3)2 CJ{CrIOHCi(CH3)2 - 3(cI3)2 C: 

;CH CH(CH3)2 21-13r04. 

(3) (cH3)2c = Ci-I CH(C113)2 H2 --(cr3)2 CHCH2CH(CH3)2. 

2,4- dimethylpentane. 

Procedure for L2 dirnethy1tane. 

To a solution of the Grignard reagent prepared from 

six moles of tert-butyl chloride and six moles of magnesium 

in 1500 cc. of anhydrous ethyl ether was added five moles 

of allyl chloride. After standing overnight, the resulting 

mixture was hydrolyzed with water and dilute hydrochloric 

acid. The ether layer was separated, washed with water and 

dilute sodium carbonate solution and dried over anhydrous 

potassium carbonate. The material was then fractionated 

through a 14 plate column and the cut boiling at 155-165°F. 

was taken as crude 2, 2- dimethylpentene -4. 

The olefin cuts from six batches prepared as above 

were combined, washed with water, and hydrogenated over 

Raney nickel. The product was washed with water, several 

portions of concentrated sulfuric acid, water again, then 

refluxed over sodium for several hours. Two fractionations 

through a 38 plate column with acid wash and sodium treat- 

ment in between yielded 275 cc. of 2,2- dimethylpentane 

boiling at 174.5 ± 0.1°F. with refractive index of 1.3823. 

The rectione involved in the synthesis are: 
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(1) (CH3 ) C Cl + Mg (C I3 ) C Mg Cl. 

(2) (CH3)3 C Mg Cl-1- Cl CH2CHCH2 .-(CH3)3C CH2CH: 

CH2 -1-Mg Cl2. 

(3) (CH3)3 C CH2CHCH2 4- H2 !.(CH3)3 C CH2CH2CH2. 

2,2- dimethylpentane. 

Procedure for 3, 3- dimethpentane. 

To a solution of the Grignard reagent prepared from 

six moles of ethyl bromide and six moles of magnesium in 

1500 cc. anh3rdrous ethyl ether was added five moles of 

tert-amyl chloride. During the addition, the flask was 

cooled in ice and efficient stirring was maintained. This 

was continued for one hour after addition of the chloride 

was completed, then 6-8 grams of cuprous iodide were care- 

fully added to the reaction flask. (Addition of large 

amounts of cuproue iodide resulted in violent reaction and 

loss of the reaction mixture.) After standing overnight, 

the reaction mixture, which had settled to a hard cake, was 

hydrolyzed with water and dilute hydrochloric acid. The 

ether layer was separated, washed with water and dilute 

sodium carbonate solution, dried over anhydrous potassium 

carbonate, and fractionated through a 14 plate column. A 

cut boiling at 155-195°T. was separated as crude 3, 3- 

dimethylpentane. 

Seven batches prepared as above were combined, washed 
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with water, 20 sodium hydroxide solution, water again, 

concentrated sulfuric acid, water and refluxed over sodium 

metal for six hours. Two fractionations through a 38 plate 

column with intermediate washing and sodium treatment as 

above yielded 220 cc. of 3, 3- dimetbylpentane boiling at 

187.2 ± 0.1°F. with refractive index of 1.3909. 

The reactions involved in the synthesis are: 

(i) CH3 CH Br+ MgCH3 CH2 Mg Br.. 

(2) CH3CH2 Mg Br -1-CH3CH2 C Cl (cil3)2 - 

CH3CH2 c(cH3)2 CH2CH3 + Mg Br Cl. 

3,3- dimethylpentane. 

nts. 

The organic halides and ethyl propionate were pur- 

chased from the Eastman Kodak Company and were used after 

drying over anhydrous calcium chloride. 

The methyl ethyl ketone was Eastman practical product 

which was redistilled to a heart cut boiling at 174.7 - 

175.3°F., and was kept over anhydrous calcium chloride. 

The di-isopropyl ketone was the Eastman practical 

product redistilled to a heart cut boiling at 254-256°F. 

The magnesium turnings werè purchased from the 

Eastman Kodak Company. 

The ethyl ether was C.P. Baker's analyzed ether, 

distilled over sodium, and kept over sodium for several 

days before using. 
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BOILING POINTS AND REFRACTIVE INDICES 

A check was made of the boiling points and refractive 

indices of the samples supplied. 

The boiling points were obtained by the use ot an 

apparatus similar to that described by B. J. M1rÇ5 but 

with a mercury thermometer in place of the resistance 

thermometer. The mercury thermometer had been calibrated 

by the Bureau of Standards. The pressure corrections vere 

obtained from the work of Shepard, Henne and. Midgley.(hl) 

The dt/dp differential for heptane was given as 0.045°C. 

m.m. of mercury. 

An Abbé Refractometer, checked by means of a test 

piece as well as by distilled water, was used for measuring 

the refractive indices. 
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TABLE i 

BOILING pOINTSaAND REFRACTIVE ThTDICES 

0 
B.P. C. 

20 
riD 

n. heptane (E.K.Co.) 98.45 

n. heptane (Bur. Stds.) 1.3877 

3- ethyipentane (Std. Oil) 93.3? 1.3933 

2- methyihexane (Std. Oil) 90.08 1.3850 

3- methyihexane (Std. Oi1 91.96 1.3887 

2-3 dimethylpentane (Std. Oil) 89.78 1.3920 

2-4 dimethylpentane (Std. Oil) 80.49 1.3819 

2-2 dimethylpentane (Std. oli) 79.25 1.3823 

3-3 dimethylpentane (std. Oil) 85.97 1.3910 

2-2-3 trimethylbutane (std. 011) 80.91 1.3895 

acorrected boiling points. 



19 

CALOR II1E TER 

The calorimeter was of the adiabatic type using a 

Parr lilium double valve oxygen bomb. Photographs of the 

calorimeter and its assembly are shown on pages 21 and 22. 

The bomb was contained in an oval calorimeter of about 

2000 cc. capacity, which was in turn enclosed in a sub- 

marine jacket. This assembly was submerged entirely be- 

neath the water in a weil stirred and insulated bath of 

approximately 12 liters capacity. Stirring of the inner 

calorimeter was accomplished by means of a synchronous 

motor. Except for a short interval of time when a charge 

in the bomb was fired, the temperature differential between 

the calorimeter and the jacket vías controlled automatically 

to about ± 0.0006°C. by the following arrangement:- A 17 

junction thermel was placed with one arm in the calorimeter 

vessel and one in the outer bath and connected to an L & N 

High Sensitivity Galvanometer. Any temperature differen- 

tial between outside and inside caused a deflection on this 

galvanometer and threw a suitably arranged beam of light 

off or on to a Weston Photronic cell. When the outer bath 

was cooler the beam of light fell on the Photronic cell, 

which operated a relay, allowing a 110 volt A.C. current to 

flow through the bath (electrolytically, from the outer 

jacket to the submarine assembly) thus raising the tempera- 

ture. 



C) 

The liquid to be burned was weighed in small glass 

ampoules - theee being a constant source of trouble. If 

too frail they did not withetand the pressure of 30 atmos- 

pheres in the bomb. Should the capsule break before 

firing, the heat measurement will be too high due to some 

heat of vapourization being provided isothermally instead 

of adiabatically. If the bulbs were too thick they burst 

upon firing and scattered the contents causing carbon 

deposits on the inside of the bomb. 

On firing the charge, hot water was added to the outer 

bath to follow the rapid rise in inside temperature. 

Temperatures were read with an L & N Platinum resistance 

thermometer calibrated by the Bureau of Standards. 

A wiring diagram for the thermo-regulating system is 

shown on page 23. 
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TH0D OF CALCULATING 

The method of calculating the heats of combustion was 

that developed by E. W. WashburnI-2) as follows: 

The quantities measured were 

m mass of sample (corrected to vacuum) 

JR increase in resistance of thermometer 

number of mols. 1-INC3 formed (determined 

by titration with 0.1 N. acids and bases) 

jR was corrected for the heat of stirring and also for 

the heat of combustion of the iron wire used to ignite the 

sample. The wire value was obtained earlier in resistance 

units and the stirring rise was obtained at equilibrium 

before and after each combustion. 

The heat capacity of the calorimeter was obtained by 

burning standard samples of benzaic acid. 

The equations used were: 

-z1n = s8(t-) s-) 2'-4) 
where-LIUB heat evolved under bomb conditions. 

n = number of mols. of substance burned. 

SB heat capacity of bomb without contents, plus 

the water and the calorimeter can. 

SI = heat capacity of initial substances. 

SF = heat capacity of final substances. 

tH standard temperature in deg. C. 
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Taking 4,,=4 -_7_ 5,:_ 

To the term - ______ was added ______ a term for 

the heat of formation of nitric acid. 

The mol. fraction x of CO2 in the gases of the bomb 

after combustion was calculated from:- 

- 

'7,q,v7 '/? 

where a, b, and c are coefficients in the chemical formula 

CaHbOc for the substance burned. 

= no. of mois. CO2 in solution. 

no. of mols. 02 before combustion. 

= no. of mols. 02 consumed to produce 

non-gaseous products. 

The pressure In the bomb after combustion was calculated 

from:- ,, = A.' 
2 /#Z7 

whe re ,'7=. ., . 

4Q rn 

The heat capacity of the products obtained from: 

:- :.j;a/,7az 
Ó9PO70r' 

,' '77'i 



o 

the constants in the equation being determined specifically 

for the calorimeter and the conditions of the combustion. 

Considerable simplification could have been introduced 

if the final temperature had been made equal to tHs 

This involved adjustment of the starting temperature 

exactly, depending on the weight of the sample, so that the 

heat developed will be just sufficient to bring the calori- 

meter up to the standard temperature tH at the end of the 

run. If this had been done the only heat capacities needed 

would have been those of the oxygen and the material to be 

burned. However, the temperature manipulation would have 

been more difficult than the calculation of the heat capa- 

cities of the final products. 

Benzoic acid (Standard Sample 39e, National Bureau of 

Standards) was used. The isothermal heat of combu8tion of 

this sample at 25° is given as 26,419 mt. joules per gram 

true mass when burned under standard conditions. In this 

calorimeter, the ratio of mass of acid and water to volume 

of the bomb is not quite t1standard and a small correction 
(1) 

ensues, which gives a value of 26,418 mt. joules deve- 

loped by the combustion of one gram of benzoic acid. For 

convenience the results of the work are expressed in con- 

ventional calories derived from the international joule 

by dividing by the factor 4.l833. 

The results of the calibration are shown in Table 2. 



TABLE 2 

CALIBRATION OF CALORIHETER WITH BENZOIC ACID AT 25° 

Enery from Energy from Heat cap. Heat cap. 
True mass Correctedatemp.rise b.a. nitric acid calor. prod. prod. Energy Equiv. Dev.from 

g. ohms degrees cal. cal. cal. ciej cal.deg' cal.deg ' meen 

0.83375 0.20352 2.0167 5265.21 0.39 2610.93 3.97 2606.96 -0.35 

.86077 .21009 2.0818 5435.85 .39 2611.25 3.98 2607.27 - .04 

.83105 .20283 2.0099 5248.16 .39 2611.33 3.96 2607.37 .05 

.99319 .24236 2.4016 6272.09 .25 2611.71 4.05 2607.66 -j.- .35 

l.00o70 .24496 2.4274 638.47 .39 2611.39 4.06 2607.32 + .01 

0.91672 .22369 2.2166 5789.18 .00 2611.73 4.01 
260768b 37 

1.09093 .26630 2.6388 6889.33 .72 2611.10 4.10 2606.91 - .40 

Lean 2607.31 ± 

aCorrected for heat of stirring, evaporation, etc., 

and for teignitionht energy. 

bTemperature correction aDplied for starting at 25.20 
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CALCULATIONS FOR COIvI:BUSTIONS 

When a combustion was made the foregoing equations 

were reversed to find -17 knowing 6and ¿, 

Following that -jj was corrected to get 
which is a derived quantity representing heat evolved in 

a constant volume process (i.e. no work done by or on the 

system) in which all the reactants and products are at i 

atmosphere pressure and constant temperature. This is 

only a small correction but must be applied in precise work. 

Considering the combustion of heptane 

The obtained as above is not the true heat of 

reaction but must be corrected as follows: 

-4/4 = 
where -d,4,-heat of reaction at constant pressure, all 

reactants and products being at i atmosphere 

pressure and the reference temperature. 

number of mols. gas produced less number 

consumed. 

The observed isothermal heats of combustion at 25°C. 

for the nine isomers of heptane are given in the following 

tables. 



29 

TABLE 3 

NORMAL }[BPTA{1] (Bur. Stds.) 

True mass Total HeataEvolved Heat from -U/m Deviation 

___-- ---------- i2 

0.45096 5169.4? 0.49 11462.2 -1.8 

.47607 5465.24 7.4 11464.3 +0.3 

.50054 5744.54 5.00 11466.7 +2.7 

.46956 53857g 3.20 11463.1 -0.9 

.56959 6535.71 6.70 11462.7 -1.3 

.53008 6081.65 5.35 11463.0 -1.0 

.49163 5641.29 3.66 11467.2 +3.2 

.48392 5552.98 5.87 11462.9 1.1 

Mean 11464.0 

Mean Deviation ±1.7 

Maximum Deviation 3.2 

Root Mean Square Dey. ± 0.68 

acorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 4 

3 ETHYL PENTANE (std. Oil) 

True mass Total HeataEvolvecl Teat from -TJh/m Deviation 
cal. HN0ca1. cal . g' from mean 

0.53600 6145.97 1.25 11463.9 +1.8 

.49869 5713.92 3.35 11461.3 -0.8 

.55921 6413.18 3.35 11462.2 +0.1 

.60156 6896.37 1.95 11460.8 -1.3 

.49852 5718.14 3.48 11463.1 1.0 

.66748 7656.36 6.80 11461.1 -1.0 

Mean 11462.1 

Mean Deviation ± 1.0 

Maximum Deviation 1.8 

Root Mean Square Deviationt0.50 

acorrected for heat of stirring, evaporation, etc., and. 

for the ignition energy. 
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TABLE 5 

2 TH1L HEXAJTE (Std. Oil) 

True mass Total HeataEvolved Heat from -AUb,/'m Deviation 
g. _______cal. H0gl. cal . f r orn mean 

0.51978 5954.84 2.70 11451.3 -0.2 

.43441 5547.37 1.41 11448.9 -2.6 

.43674 5002.11 0.67 11451.7 -1-0.2 

.40655 4660.09 4.24 11452.1 0.6 

.43553 4993.01 5.03 11452.7 +1.2 

.42862 4915.89 7.10 11452.5 1.0 

Mean 11451.5 

Mean Deviation ± 1.0 

Maximum Deviation 2.6 

Root Mean Square Dey. ±0.57 

acorrected for heat of stirring, evaporation, etc., and 
for the ignition enerr. 
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TABLE 6 

3 1THYL HEXME (st a Oil) 

True mass Total HeataEvolved Heat from -&Tb/m Deviation 
g. _cl. HMO,cal. ca1.' from mean 

0.46508 5329.50 5.44 11447.5 --0.3 

.55997 6414.43 4.75 11446.4 -0.6 

.41104 4710.13 4.75 11447.4 +0.2 

.52331 5997.43 5.90 11449.3 +2.1 

.50485 5785.15 7.05 11445.2 -2.0 

.47791 5478.53 7.66 11447.5 +0.3 

Mean 11447.2 

Mean Deviation ± 1.0 

Maximum Deviation 2.1 

Root Mean Square Dey. ± 0.55 

aCorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 7 

2-3 DThtETHYI PENTA (sta. Oil) 

True mass Total HeataEvolved Heat from -4U/m Deviation 
g. cal. HNO3,cal. cal. from mean 

0.58003 6646.21 6.90 11446.5 -0.5 

.55073 6307.44 3.21 11447.0 0.0 

.51753 5929.22 5.14 11446.8 -0.2 

.58039 6650.18 6.25 11447.3 -i- 0.3 

.53000 6068.46 1.39 11447.3 -J- 0.3 

Mean 11447.0 

Mean Deviation ± 0.3 

Maximum Deviation 0.5 

Root Mean Square Dey. ±0.16 

aCorrectd for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 8 

2-4 DITiWL PEHTAJ] (std. Oil) 

True mase Total HeataEvolved Heat from -Ub/m Deviation 
g cal. }Ccal. ca1. from mean 

0.44802 5128.07 5.00 11435.1 +0.9 

.53083 6075.51 5.70 11434.4 +0.2 

.54648 6257.06 8.40 11434.4 +0.2 

.46949 5367.88 0.00 11433.4 -0.8 

.59320 6784.07 1.53 11433.9 -0.3 

.54193 6200.58 4.27 11433.8 -0.4 

.42954 4913.63 2.65 11433.1 -1.1 

.48652 5563.96 0.24 11435.8 +1.6 

Mean 11434.2 

Mean Deviation ±0.7 

Maximum Deviation 1.6 

Root Mean Square Dey. ±0.32 

aCorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 9 

2-2 DIMThYL PENTABE (Std. oil) 

True mass Total FeataEvo1ved Heat from -.4Ub/m Deviation 
cal. HN0,cal. cal ." from mean 

0.40112 4585.33 2.80 11424.3 -0.7 

.41213 4711.35 2.90 11424.7 -0.3 

.47082 5384.85 5.68 11425.1 +0.1 

.47679 5456.23 8.65 11425.5 0.5 

.46366 5298.42 1.90 11423.3 -1.7 

.54339 6212.90 3.64 11426.9 + 1.9 

Mean 11425.0 

Mean Deviation ± 0.9 

Maximum Deviation 1.9 

Root Mean Square Dey. ±0.49 

aCorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 10 

2-2-3 TRI1ETHYL BUTANE (std.oil) 

True mass Total HeataEvolved Heat from -4Ub/m Deviation 
g. cal . HN0al. cal.' fr orn mean 

0.60104 6864.98 0.98 11420.2 -0.8 

.70862 8093.78 0.98 11420.5 - 0.5 

.50893 5812.90 0.40 11421.0 0.0 

.54826 6261.50 0.56 11419.7 -1.3 

.55909 6394.12 8.20 11422.0 1.0 
'47819 5466.04 3.92 11422.5 *1.5 

Mean 11421.0 

Mean Deviation ±0.8 

Maximum Deviat ion 1.5 

Root Mean Square Dey. ± 0.44 

acorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 11 

2-2-3 TRIMETHYL BUTA1E (Bur. Stds.) 

True mass Total HeataEvolved Heat from -Ub/m, Deviation 
g. ______cal. H1f0,ca1. cal.0 from mean 

0.53735 6156.84 11.58 11436.2 +0.]. 

.49095 5617.73 2.96 11436.5 +0.4 

.52372 5997.40 9.49 11433.4 -2.7 

.46955 5371.67 2.38 11435.0 -1.1 

.49429 5660.77 6.95 11438.2 +2.1 

.51697 5920.60 7.76 11437.4 + 1.3 

.50024 5730.75 10.15 11435.7 - 0.4 

Mean 11436.1 

Mean Deviation ±1.2 

Maximum Deviation 2.7 

Root Mean Square Dey. ± 0.60 

aCorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 
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TABLE 12 

3-3 DI1THYL PENTA1\E (Std.Oil) 

True mass Total HeataEvolved Heat from -SUb/rn Deviation 
g. cal. H1i0,cal. ca1." from mean 

0.47361 5412.04 8.50 11409.3 O.4 

.56780 6487.84 10.30 11408.1 -'0.8 

.45873 5239.74 5.43 11410.4 +1.5 

.48854 5585.06 11.20 11409.2 -i-O.3 

.51544 5861.27 3.76 11408.4 -0.5 

.43632 4987.28 9.74 11408.0 - 0.9 

Mean 11408.9 

Mean Deviation 0.7 

Maximum Deviation 1.5 

Root Mean Square Dey. ± 0.38 

aCorrected for heat of stirring, evaporation, etc., and. 

for the ignition energy. 
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TABI 13 

3-3 DflTHYLPENTAE (Ethyl Corp.) 

True mass Total HeataEvolved Heat from -4Ub/m Deviation 
g. ____cal. H0cl. ca1 from_mean 

0.49417 5655.67 5.53 11433.6 - 0.2 

.62205 7122.68 9.87 11434.5 1- 0.7 

.61268 7009.41 3.50 11434.8 -ê-l.O 

.58263 6661.67 0.73 11432.5 -1.3 

.42306 4845.37 8.20 11433.8 0.0 

Mean 11433.8 

Mean Deviation ± 0.8 

Maximuni Deviation 1.3 

Root Mean Square Dey. ±0.4 

acorrected for heat of stirring, evaporation, etc., and 
for the ignition energy. 



TABLE 14 

ISOTHERMAL HEATS OP COMBUSTIO1 AT 25° 

-4Ub 4HR 
£1Lg. Kcal 

n. heptane (Bur. Std8.) 11464.0 1150.766 

3- ethylpentane (Std. Oil) 11462.1 1150.575 

2-. rnethylhexane (std. oil) 11451.5 1149.514 

3- methyihexarie (Std. Oil) 11447.2 1149.083 

2-3 dimethylpentane (Std. Oli) 11447.0 1149.063 

2-4 dimethy1pentne (Std. ou) 11434.2 1147.781 

2-2 dirnethylpentane (Std. ou) 11425.0 1146.859 

2-2-3 trimethylbutane (Std. Oil) 11421.0 1146.458 

2-2-3 trlmethylbutane (Bur. Stds.) 11436.1 1147.970 

3-3 dimethylpentane (Std. Oil) 11408.9 1145.246 

3-3 dimethylpentane (Ethyl Corp.) 11433.8 1147.741 
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MOLAL i-tJATS OF FORMATION 

Once ¿ï/'is obtained, the molal heat of formation 

of a heptane may be found by introducing the heat of 

formation of CO2 and 1120, as follows:- 

74/, (2} -. ''- )- '6 

Heat of formation of CO2 = -94,029,9 cal./mole (25) 

Heat of formation of H2Q(1) = -68,318.1 cal./mole (25") 

The heats of formation of the heptane isomers 

calculated in this manner are shown in Table 17 
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p_s cuss i 

Combining the resulte of this present work with those 

obtained at the Bureau of' Standards for the combustion of 

n. octane and the isomers of hexane, the following points 

of interest present themselves. 

Jessup found the heats of- combustion of the normal 

paraffiris to be: 

n. hexane 994.78 K cal./ mole 

n. heptane 1150.766 K cal./ mole 

n. octane 1306.76 K cal./ mole 

These differ by an increment of 156 K cal. per mole. 

(ia) 
The data obtained by Rossini for the energy of 

isomerization of the hexanea is shown in Table 15 

An interesting relationship is shown when the dif- 

ferences are calculated between the value for the heat of 

combustion of a hexane isomer and the value for the hom- 

ologous heptane isomer obtained from the present work. 

See Table 16 

It will be noticed that if a heptane e.g. 2- methyl- 

hexane may be formed 

corresponding hexane 

by CH2, the heat of 

dicted by adding 156 

But in the case of a 

by the addition of a 

by lengthening the main chain of the 

isomer, in this case 2- methylpentane, 

combustion of the heptane may be pre- 

K cal. to the value for the hexane. 

heptane which is derived from a hexane 

side chain, the increment of 156 does 
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not hold. Thether there are any regularities in such 

additions cannot be determined from the amount of data 

available. 

This would indicate that the measured value for the 

heat of combustion of 3-3 dimethylpentane (Std. Oil sample) 

is too low by about 2 kilocalories per moi.; and that of 

the 3 methyihexane (Std. Oil) by about i kilocalorie. The 

values for the Standard Oil samples of 2-2-3 trimetbyl- 

butane, 3-3 dimethylpentane, and 3 methyihexane were 

thought likely to be in error because the preliminary 

drying with sodium previous to th.e combustions indicated, 

by the formation of sludge, that impurities might be 

present. This sludge was not obtained with the remaining 

6 heptanes. Investigation of the heat of combustion of 

new samples justified this belief. 

The Ethyl Gasoline Corp. provided a sample of 3-3 

dimethylpentane which, after treating with concentrated 

sulphuric acid to remove any unsaturated compounds, gave 

a heat of combustion close to the expected value. 

A sample of 2-2-3 trirnethylbutane was obtained from 

the Bureau of Standards. Combustion of this gave a value 

differing considerably from that of the first sample. 

No second sample of 3 methyihexane was obtainable 

but fortunately the heat of combustion had been measured 

by Albert Bughes in 1939 when the flask from the Standard 
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011 Co. was first opened. The value obtained at that time 

is in agreement with what might be expected by adding 156 

K. cal. to the value for 3 methylpentane. The possibility 

therefore exists, though remotely, that this compound as 

originally obtained from the Standard Oil Co. was pure, 

and became contaminated after opening. 
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TABI 15 

Energy of Isornerizationof the Hexanes 

n. hexane O 

2- methylpentane -1335 160 

3- methylpentane -754 * 160 

2-3 dimethylbutane -1964 ± 160 

2-2 dimethylbutane -3446 ± 160 

CorreHeatsof Combustion 
L91L2.1. 

n. hexane 994.78 

2- methylpentane 993.44 

3- methylpentane 994.03 

2-3 dimethylbutane 992.82 

2-2 dimethylbutane 991.33 

Source: F.D. Rossini, 
J. Am. Chem. Soc. 62, 2250 (1940) 



Heptane 

2 meti-iylhex. 
1149 .514 

2-3 dimeth.pent. 
1149.06 

2-2 dimeth.pent 
1146 .86 

2-4 dimeth.pent. 
1147.78 

3 rriethylhex. 
1150.25 

3 ethylpent. 
1150.58 

2-2-3 trmeth.1ut. 
1147.97 

3-3 dlrneth.pent. 
1147.74 

3-3 dimeth. pent. 
1147 .74 

2-4 dirneth.pent. 
1147.78 

n. heptane 
1150.77 

TkBLE 16 

Hexane 

2 methylpent. 
993.44 

2-3 dimeth.but 
992.82 

2-2 dinieth. but. 
991.33 

2 meth.pent 
993.44 

3 methylpent. 
994.03 

3 niethylpent. 
994.03 

2-2 d1'neth.but. 
991.33 

3 rnethylpent. 
994 .03 

2-2 dlmeth.but. 
991 .33 

2-2 dirneti.but. 
991.33 

n. hexane 
994.78 
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Difference 

156 .07 

156.24 

155 .53 

154 .34 

156.22 

156 .54 

156 .64 

153.71 

156 .41 

156.45 

155.99 
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1'REE ENERGY RELATIOITSHIPS 

Parks, Huffman and Thornas8 have measured heat capa- 

cities of the isomers of heptane from liquid air tempera- 

tures to room temperature. rorn the data obtained the 

entropies were then calculated by the third law of thermo- 

dynamics, also the entropies of formation of each compound 

from the difference between 
98 . 

and the corresponding 

values of the elements contained therein. 

In Table 17 the standard free energies of formation 

of the various heptanes have been calculated by using the 

foregoing ¿132g8l in the equation 4i =- dH - TLtS. 

It will be seen that the 2 methyl isoparaffin is at 

a lower free energy level and hence more stable than the 

normal compound, but that the figures indicate that some 

of the isomers are less stable than normal. 

It is interesting to plot the free energies of for- 

mation against the number of side chains in the molecule. 

See Fig. 2 

It would seem that with the exception of the 2 methyl 

isoparaffin, a single side chain tends to make the molecule 

less stable than the normal, but 2 side chains give rise to 

a more stable form, and 3 side chains a less stable. 

Parks('6) states that since the heats of combustion and 

the molal entropies of the normal compounds follow linear 



TABLE 17 

Hf2g8 S2g8 

n. heptane -53,987 -180.4 

2 methyihexane -55,239 -183.8 

3 methyihexane _54,410a -185.1 

3 ethylpentane -54,178 -184.5 

2-2 diniethylpentane -57,894 -191.0 

2-3 dirnethylpentane -55,690 -186.7 

2-4 dirnethylpentane -56,972 -189.4 

3-3 dirnethylpentane -57,013 -189.0 

2-2-3 trimethylbutane -56,783 -194.3 

a Determined by Albert Hughes. 

-TS 

53,777 -210 

54,790 -449 

55,178 4-768 

54,999 821 

56,937 -957 

55,655 -35 

56,460 -512 

56,340 -673 

57,920 1137 
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relations the values calculated from these by 

the equation F - TdS should also follow the 

linear relation P = - 8912 -I- 1243 n. 

for heptane from this equation becomes -211 which check8 

very well with the figure -210 obtained in Table 1?. 
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SUTARY 

The significance of the free enerr of formation 

of hydrocarbons 18 discussed. 

The methods used by the Research Department of the 

Standard Oil Co. for the synthesis of the isomers of 

heptane are described by quotIng memoranda from the 

Company. 

Measurements of the boiling points and refractive 

Indices of the heptanes are given. 

The construction and operation of the adiabatic 

calorimeter is described, along with photographs and a 

wiring diagram. 

The method of calculating the heats of combustion 

is outlined wIth respect to both the calibration of the 

calorimeter and the actual measurement of heats of 

combustion. 

The heats of combustion of the nine isomers of 

heptane are given. 

The results obtained for the heptanes are compared 

with the heats of combustion of the corresponding hexane 

isomers as determined by RossIni. 

The molal heats of formation and the standard free 

energies of formation of the heptane Isomers are 

calculated using specific heat data determined by Parks 
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and co-workers. 

The free enerr relation$hips are discussed with 

reference to the stabi]Jty of the various isomers. 
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