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Using the oalorirneter described by DavieB (Ph. D. 
Thesis, Oregon State College, l91-l), the heats of 
combuation of aniline, benzamide, diphenylamine, 
and. phenymydrazine have been redeterrnined in a 
nore precise manner, and the heate of combuetton 
of oi and tran,14'dinitrostiThenes, tetr 
phenyihydrazine, and dibenzoylhydrazine ha'vo been 
det erniined. 

. From the data obtained the following calculations 
were made: The heat of the transition reaction 
ois itrane-,P-dtnitrostilbene The energy of the 
ïtrogen-nitrogen bond by the oomPa;iBon of the heats 

of combustion of the proper paire of compounds. 

The ealotuations made indicate a need for data 
concerning the nitrogen-hydrogen bond energy in the 
different types of compounds and a better knowledge 
of the reaonanoo energies involved. 
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ENRGY RELATIONS OF SOME ORGANIC OOOUNDS 

FROM MEASUREMENTS OF THE. HEAT OF COUSTION 

INTRODUCTION 

For sone time one of the goals of the physical 

chemist has been a table of bond. energies, so that the 

energy content of the molecule could be found by simple 

addition of the energies of the bonds found in the mole- 

cule. The energy of a bond is the energy liberated or 

taken up in the formation or disruption of the.bond. Among 

the methods of determination of these bond energies are 

spectroscopic, rate of reaction, and heat of combustion 

measurements. The spectroscopic method involves measure- 

ment of characteristic vibrational and dissociation fre- 

cuencies. The rate of reaction method permits calculation 
of the energy of a dissociating bond from the energy of 

activtion of the reaction. The most convenient method 

of determination of bond. energies is from the heat of com- 

bustion of the molecule. The combustion of the molecule 

involves the disruption of all the bonds in the molecule 

and the formation (for organic compounds) of carbon 

dioxide and water whose heats 0: formation are definitely 

known. However, these calculations involve small differ- 

ences of large quantities and hence recuire data of a 

high degree of accuracy. 



Many of the calculations are based on combustion data 

obtained in the period between ]ß6o and 1910 when the 

recuirements of calorimetric precision were not well 
known. Kharasch (9), in 1929, madea survey of the then 
existing combustion data correcting, where possible, to 

standard bomb conditions. Of this early work, Kharasch 

says that the data obtained by the German workers of this 
period is fairly good but does not have the precision 
required and thnt the French data, in general, is high and 

shows no consistent variation from later, more accurate 
data. For example, Lemoult (ii) determined the heat of 
combustion of phenyihydrazine in 1907 using a sample of 
the substance which had been purified by normal disti 1- 

lation and which had a boiling point of 23° C. and a 

freezing point of l0 C. while the accepted values of these 

constants ae 23° and 19.60 
c Despite the errors in 

the early data they are being used simply because no 

other, better data are available. Since this early data 
is so open to question it was felt that a redetermination 
of some of these heats of combustion would be of value. 

In particular, considerable work has been done in 
this laboratory on heats of combustion which permits esti- 
mation of the energy of the nitrogen-nitrogen bond. The 

most direct measurement possible is from the heat of 
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combustion of hycirazine determined by ighes, Corruccini, 

and Gilbert (7), and from this a value of 20 kcal. was 

calculated for the 1g-N bond by Pauling (J2). The early 

data for the combustion of phenyihydrazine have also 

been used, and there is some discrepancy in the results. 

Other compounds are a leo avai ]2ID le from which the same 

calculation is possible if the heat of combustion were 

known with sufficient accuracy. A portion of this thesis 

was therefore devoted to measurements of some of the 
desired heats of combustion, along with some more generai 

determinations to be used as a basis for energy calculations 

of another sort. 



APPARATUS AND PROCEDURE 

The calorimeter used in this study was the same as 

that described by Davies (3) and by Hughes (6). As part 
OÍ this work paralleled that of Davies, no changes were 

made in the eauipment. 

The calorimeter was of the adiabatic type consisting 

0± a Parr lilium double-valve bomb immersed in an oval 
calorimater of about 2200 cc. capacity and surrounded by 

a submarine jacket. This entire assembly was comoletely 

immersed in a insuJated water bath of about twelve liters 
capacity. Both the inner calorimeter and the outer bath 

were stirred by synchronous motors to obtain a constant 

rate of stirring. Essentially adai'batic control was main- 

tamed by means of a 17-junction, copper-constantan thermo- 

couple, one arm of which was in the calorimeter and the 

other in the outer bath, connected to a Leeds & Northup 

high sensitivity galvanometer. Any temperature difference 
between the calorimeter and the outer bath produced a 

deflection of the galvanometer and moved a suitably 
arranged light beam on to or off a Weston Photronic cell 
which, in turn, operated a relay system to control a 110- 

volt A.C. current to the bath. Heating was accomplished 

by electrolytic conduction through the outer bath. Except 

for a few minutes just after firing the charge in the bomb, 
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this system maintained the temperature of the outer bath 

within ± 0.0006° 0. of the temperature of the calorimeter. 

The temperature change in the calorimeter was measured with 

a L. & N. platinum resistance thermometer calibrated by the 

13. S. Bureau of Standards. The resistance of the thermo- 

meter was measured by means of a L. & N. Meuller Type 

Bridge, 

The standard calorimetric procedure was used and needs 

no description here. Hughes (6) has given a good des- 

cription of this procedure. .cuid materials were sealed 

in glass buThs and solids were made into pellets before 

burning them in the bomb. 



METHOD OF CALCUlATION 

The method of calcuJating the heat of combustion from 

the observed data was deveJopeci by E. W. Washburn (22) 

whose method has become the standard most widely used 

in this country. 

The observed quantities were: 

ni mass of sample burned (corrected to vacuum) 

R change in resistance of the thermometer 

n . moles nitric acid Droduced during the corn- 
ENO 

3 bustion (determined by titration of the 

bomb washings with approximately O. 1 N 

acids and bases) 

R was corrected for the heat of stirring and for the 

combustion oÍ' the iron wire used to ignite the charge. 

The heat of stirring was determined for each run during 

an ecuilibrium period before and after the combustion; 

the wire value having been determined reviously by separ- 

ate runs. Both of these quantities were determined in 

resistance units. 

In the ca]orimeter determination there is a chanp:e 

in temperature equivalent to the R measured. If the heat 

capacity of the calorimeter system is 5 , the effective 
heat capacities of the initial system and the final 
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contents of the bomb are and , respectively, then 

where -«is the heat involved during the combustion per 

gram formu]a weight of substance burned under bomb condi- 

tions, is the standard temperature in degrees Centi- 

grade. If , is made equal to or , one of the terms 

of the above equation reduces to zero. In this work, ¿ 

was made equal to ¿ , giving 

- 7,) I 

-7 
' 

To the va)iie of- was added the term -l396O'-N,3, 

a term for the heat of formation of the nitric acid pro- 

duced in the bomb reaction. 

The vaue of sufficiently accurate for values of 

al in the region of room temperatures is 

__5_- - .o / 
°2 

' 7 V ' c7 / ' _ç _ 
i[(J77/ ,a//2 ,) . 

b - 3 

where ¿-7 - number of moles of oxygen initially present 

in bomb 

fr__7 gr . me water initial]y in bomb 

V volume of bomb in litera 
.-1 gram-formu.la weights of substance burned 

whose composition is given by A/ c. 

using l94-1 atomic weights 



final pressure in bomb 

,-T grams of iron wire burned 

= mo le s 1/vc3 pro duc ed 

,)# - 
" 4" 

initial pressure in the bomb 

number of moles of c used to produce non- 

gaseous products 

. mole-fraction of c in the final bomb gases 

The value of ' is calculated from the equation 

- 

'_7c2 - (-;;---) - - 

where -= number of moles of dissolved 

O.004- as a sufficient approximation 

-i ma.y be calculated from the pressure and volume 

of the gas by the equation 

f:7,V 
= 

__oz ) 

The term-,,, is a correction for the deviation from 

ideality of oxygen. For values between 20 and 14Q atno- 

spheres has the value 6.6xiO which can be calcu- 

lated from the eouation of state. 
Since the majority of the compounds studied, con- 

tained nitroíen the fo liowing corrections were added to 

the equation to account for the nitrogen added to the 



final bomb gaes. In the ca]uiation of the final pres- 

sure the term 

/ / C - 

was added. to , . The coefficient for the correction 

from non-ideality of the gas was assumed to be the same 

as for oxygen since nitrogen is so similar to oxygen. 

In the equ:tion for the specific heat of the final bomb 

gases, the number of moies of nitrogen from the compound 

was added to ,. 
The value of is the heat of the reaction in the 

bomb under the conditions used. The value desired is ¿4 
or the heat of the combustion reaction at constant volume 

an at reference conditions of 250 and. initially one 

atmosphere pressure. The correction applied to to 

obtain was made for each combustion according to the 

equation given byWashburn (22): 

% ,-#- = I- 7_L , - - (I- y 
'I- / 

L ' 
:;Y () »' '-I 

I 96 )/ 
/ 

q t/ ] 
-_--_---_--_-----__ I 

/ 

where J1 ,'.. 7Cl Y(/ "- ;.',) 

From this value of is calculated the heat of the 

reaction under constant pressure A% by means of the 

equation 

I_ £1r ¿ P7 
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where ô'i is the change in th nmber of moles of gaseous 

substances during the reaction. It is this value of 

which is listed in tables given in the modern literature 
as the heat of combustion. 

In the calibration of the calorimeter the above 

equations were rearranged by solving for 5 . Benzoic 

acid supplied by the U. S. Bureau of Standards was used 

as the calorimetric standard having an isothermal heat of 

combustion 0±' 26,+i9 mt. joules per gram true mass when 

burned under the standard bomb conditions. In the calori- 

meter used, the ratio of the mass of acid and water to 

the volume of the bomb was not auite "standard" a small 

correction was made () making the value for the benzoic 

acid 26,-i irrt. joules per gram. The results of this 

work are given in calories (150) derived from the inter- 
national joule by dividing by 'the factor 4-.l33 (i14). 

The results of the calibration are given in Table 1. 

It is interesting to note that the calibration of the 

saue apparatus made by Davies (3) a year previous to this, 
resulted in the value of 2607.31 calories per degree which 

conpares excellently with the value 2607.30 calories per 

degree determined by the author. 
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MATERIA LS 

The materials used in the combustions were prepared 

in the following ways. The physical constants given have 

only a general significance since the calorimeter is much 

more sensitive to very small amounts of impurities than 

the analytical procedure used. 

AJTILINE. A singi 

bu.stions, was prepared 

by vacuum distillation 
sphere, collected over 

redisti lied. 
The data obtained 

are given in Table 2. 

e sample, enough for twelve con 

from Eastman's white label grade 

from zinc dust in a nitrogen atmo- 

stick sodium hydroxide and 

from the combustion of aniline 

BEZAMIDE. Benzamide was recrystallized from alcohol 

three times and dried at 600 0. in a vacuum oven twenty- 

four hours and over phosphorus pentoxide two days. The 

sample had a melting point of 1300 C 

See Table 3 for combustion data. 

SY-DIBENZOYIRYDPAZINE. A large sample of d.ibenzcyl_ 

hydrazine had been previously prepared by Albert Hughes 

in 193g. A portion if this was recrystallized from ethanol 
and ethanol-water, dried in vacuum oven at 6o° o. 
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twenty-four hours ana. over phosphorus pentoxid.e three days. 

A melting po.nt of 237-23° C. was found. 

Combustion data is given in Table . 

,14'-DINITROSTI1BE'TES. The cis-and tran-isorners were 

prepared by Professor Melvin Calvin of the University of 

California. The samples were burned without further 

purification, other then drying over phosphorus pentoxide 

for two days before starting combustions. 

trans--,14-'-DinitrostiThene had a melting point of 

3O3-° C., an orange-ye1]w color, and was recrystallized 
from benzene. The cis-isomer had a melting point of 

l6_6.50 C., a yellow color, and had been recrystallized 
from acetone. 

The combustion data are given in Tables 5 and 6. 

Since the specific gravities of stilbene and biphenyl 

are 0.970 ànd 0.992 respectively, tite specific gravity 

of the dinitrostiThenes was assumed to be near that of 

dinitrobipheny 1. 

DIPHENYIAMIiTE. Samples of diphenylamine was pre- 

pared by each of the following methods: (i) recrystal- 
lized four to six times by precinitation from ethanol 

solution by adding water. (2) recrystallized three to 

four times from high boiling petroleum ether. (3) the 
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residues from the above procedure were steam distilled 
and recrystallized once from etbano 1-water. The samples 

were dried over phosphorus pentoxide for two to four days 

before using them. Each of the samples had a melting 

point of 530 
o. 

The combustion data obtained are given in Table 7. 

PHENYLHYDRÁZINE. Eastman's white label grade of 

phenyihydrazine was crystallized in a nitrogen atmoshere 
by cooling with cold water. About one half of the material 
was crystallized out and the mother liquor was removed 

with a filter stick by suction. A gìven sample was crystal- 
lized four to six times before filling the bulbs. The 

freezing point of each sample was 19.6° 0. for at least 
the ]ast two crystallizations. Phenylhyth'azine purified 
in this manner retained a faint yelaow color and slight 
odor. 

Colorless and odorless samples were obtained by 

vacuum distillation in a nitrogen atmosphere of14-OO-500 cc. 

oÍ' the material collecting the middle 100 cc. fraction 
over stick sodium hydroxide and redistilling. These 

samples had a freezing roint of 19.6° C. and rapidly 
turned yellow in contact with air. 

Additional amounts of phenyThydrazine were prepared 

by the author and by Henry GiThert according to the 
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procedure given by Coleman (2). 

The combustion data obtained are given in Table . 

TETRàPHE1YLHYDRÂZINE. TetrahenyThydrazine was pre- 

pared by the oxidation of diphenylamine with potassium 

permanganate in acetone solution according to the pro- 

cedure given by Gattermann and Wieland (5). Samples were 

recrystallized from benzene by precipitation with ethanol 

rd were well washed with cold ether. These were then 

dried in the vacuum desiccator over phosphorus pentoxide 
for twenty-four hours. After standing three to four 

days the samnies were rewashed wìth cold ether or recrys- 

tallized again. Melting noints anywhere in the range of 
150_l750 Ç. were obtained depending uponthe rate of 

heating the melting point bath and the temperature at 
which the melting point tube was placed in the bath. 

Considerable difficulty was experienced in obtaining 

clean combustions; i-t was found that by compressing the 

sample into a very hard pellet, olean combustions were 

more consistenty obtained. This data for the combustion 

of tetraphenyThydrazine is given in table 9. 



True Mass Corrected Temp.a 
of sample R rse 

in gm. ohms. C. 

1.07 195 

O. 9755 

O.9227 

0.7259 

0.70705 

0.79907 

0.26166 

0.23I5 
O. 22 6#3 

0. 17719 

0.17263 

O. 195O 

2.592 

2.35991 

2 .2377 

1. 7553 

1.71065 

1.93272 

TABLE i 

CA I1BRATIOI OF CA IORITER 

Energy Energy 
from B.A. from HNO 

cal. cal. 3 

6769.7 

6162.59 

562. 32 

.09 

50L 6.21 

O . 21l. 

0.32 

0. 3 
0.29 

O. O 

O. iLl. 

Heat cap- Heat cap- Energy Dey. 
acity of acity of ecuivalent from 
calorimeter products of calor- ave. 

i me t er 

26iO.9 k.09 2606.0 -0.50 

2611.55 14,OLl. 2607.51 0.21 

2632.77 .O2 260.75 1.5 
2611.26 3.91 2607.35 0.05 

2610.23 3.90 2606.33 -0.97 

2611.02 3.95 2607.07 -0.23 

a R was corrected for the heat of stirring and for the heat of combustion oÍ' the iron 
wire used. to ignite the sample. 

Average 2607.30 ca]J°C. 

Average deviation from mean=±O.56 cal/0C. 

Root mean square deviation = ± O.2 cal/00. 



TABLE 2 

HEAT OF COUSTION OF AM LINE 

Run True Mass Ta Tota] Heat Dey. 
of sample oc heat from HNO. ca]Jgm. from 
in grams cal. cal. -' Ave. 

O.i6 2.1O73 7339.15 1.2O 696.16 -3.90 

6 O.7O3 2.+725 614.57.143 17.I1- 697.6 -2.3e 

7 0.7369 2.k6232 64-29.93 16.25 7O2.65 -i- 2.59 

9 0.1119 2.71026 7077.52 17.5 702.5 2.79 

11 o.6o75 2.670 7507.31 17.97 7O0.95 i-O.9 

a corrected for the heat of stirring and for the combustion 
of the iron wire. 

Average 
= - 70O.06 cagm. 

Average deviation d 2.51 cagm, 

Root mean square deviation = ± 1.314rn caJigm. 

± 0.13 kcailmole 

¿- ¿P/.-i ' - 09 . O ± O . 13 kca 1/ mo le 

¿'7:::r/,i - gb.55 ± 0.13 kcal/inole 
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TABLE 3 

HEAT OF CQLBUSTION OF BENZAMIDE 

Run True mass Ta Totala Heat -L/-i Dey. 
of sample O heat from HNO, ca]Jgm. frOflI 
in grams cal. cal. - Ave. 

1 O.937 2.1O5224 62o. 16.51 7OO. -l»4 

l4 O.751+214 2.02906 529.3 13.93 7006.33 -1.03 

5 0.7775 2.O1]2 25l.5 12.0 7006.95 -0)41. 

S 0.91260 2)-l.5526 6-11.52 16.39 7007.59 0.23 

9 0.76797 2.06707 5395.05 1-l-.l3 7006.67 -0.69 

10b 0.322 2.23 51-6.39 11.1f 7002.96 

11 0.7296 2.377 6133.39 l5.9 7007.77 0.14l 

a corrected for the heat of stirring and for the combustion 
of the iron wire. 

b not used in calculating the average value. 

Average L/,.-7007.36 cal/gm. 

Average deviation ±_ 0.71 cal/gm. 

Root mean square deviation ± 0.37 cal/gm. 

- ± 0.04- kca]Jmole 

- 8.31 i 0.0k kcal/mole 

41/-7'/-i --.76 ±.-t- kca]Jmole 



TABLE u1 

HEAT OF COMBUSTION OF 

DIBENZOY IRYDRAZ fiE 

True mass Total Heat Dey. 
of' sample OC heat from HNO cal/gm. from 
in grsms cal. cal. -, Ave, 

O.1417Ol l.1l67 29l6.l 6973.22 -0.09 

0.57335 1.53517 koo.i 10.29 6973.4-2 0.10 

O.7O3 2.4-l95 6oi-.i 1.l3 6973.9b +0.59 

O.5797 2.3&4-5 5996.1 l3.7- 697217b -o.6i 

a corrected for heat of stirring and. for the combustion 
of the iron wire. 

b these values were obtained previously by Hughes (6). 

Average -6973.l cal/gm. 

Average deviation ±0.35 cal/gm. 

-1675.35 ± 0.07 kcal/mole 

¿i'./ -l67.35 ± 0.07 kcaj.Jmole 

, _l675.5LI ± 0.07 kcal/mole 
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TABLE 5 

HEM OF COMBUSTION OF 

CIS-+ ,14 '-DINITROSTI IRENE 

Run True mass Ta Totala Heat Dey. 
of sample OC heat from HNO caljgm. from 
in grams cal. cal. -' Ave. 

2 1.O644 2.4-9195 65o7,i 16.25 62o2.7 O.4-3 

3 0.91376 2.176146 563.22 ,'I-.o 62O4-.23 1.79 

7 0.92O 2.3445 6122.97 19.7 6201.07 -1.37 

11 0.91790 2.15O3 5705.62 13.25 6201.51 -0.93 

13 o.621192 1)4-i9 35.O 1o.5 62oi.1t -1.30 

15 2.09157 51161.53 12. 62o3,O -i.36 

a corrected for the heat of stirring and. for the cothustion 
of the iron wire. 

Average /.-6202. caJjgm. 

Average deviation = 1.20 ca]Jgm. 

Root mean sauare deviation = ±0.57 ca]Jgm. 

-1576.69 ±O.1 kcal/mole 

-1576.23 ±0.114. kcaVrnole 

-"'/' -1572.95 ±0.]4 kcaVrnole 



TABLE 6 

HEAT OF COMBUSTION OF 

TPANS-14- '-DINITROSTI IRENE 

Run True mass Ta Totala Heat Dey. 

of sample 00 heat fron HO 
3 

ca]fgrn. from 
in grams caL cal. Ave. 

2 1.59261 3.7176 976.1 2.96 615.56 0)4-o 

5 O.3715 1.99O2 5193.69 15.93 6i.9 -0.1 

g o.65o6 2.0536 5363.O4- 12.5 6i5.22 0.06 

10 0.90206 2.l4-175 5592.5e 13.11 615.25 0.09 

11 l.0395 2)46962 17.7 61&4-.52 -o.64- 

15 O.2766 1.96553 5132.35 13.35 6i.9i -0.25 

i6 0.90526 2.111955 5612.95 13.2e 615.7o 0.514V 

a corrected for heat of stirriig and combustion of the 
iron wire 

Average 6i5.i6 caVgm. 

Average deviation 1 0.31 cal/gm. 

Root mean square deviation = ±0. 15 ca 11gm. 

-1572)4-9 ±O.O4- kca]Jmole 

-1572.03 QQ14 kca]Jmole 

4 -156.75 ± kca]Jmole 
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HEAT OF COMBUSTION OF DIPHETYIAMIN 

Run True mass ¿Ta T0t1 Heat Dey. 
of sample 00 heat from HITO. ' cal/gm. from 
in grams cal. cal. Ave. 

11 O.759O 2.634-72 6o.o 11.145 945 -1,29 

12 0.75902 2.635]Z 61.25 1O.7 9051.61+ -s-1.77 

iLl 0.97910 3.LIOO77 ßO.91 16.99 9050.35 

15 0.71+002 2.56771+ 6705.11+ 9O1+.71+ -1,13 

0.71390 2.1+7920 61+73.6 13.9 901+.S1 -1.02 

19 0.91+1+02 3.27653 556.1+3 11.59 9051.51+ +1.67 

20 O.539 2.96353 773.7 1O.5 901+9.1+2 -0.1+5 

a corrected for the heat of stirring and for the combustion 
of the iron wire 

Average 901!9.7 ca]Jgm. 

Avera:e deviation 1. ]2 caijgm. 

Root mean souare deviation i-0.50 caVgm. 

- 1531.3 ±0.0 kcal/mole 

-1530.55 kcal/mole 

-1531.0 ±O.0 kca]Jmole 
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TABLE 

HEAT OF aOMBUSTIO1'T OF PHENYLHYDRAZINE 

Run True mass Ta Totala Heat Dey. 
of sample oc heat from HNO ca1/m. from 
in grams cal. cal. 3 Ave. 

7 1.03210 3.19371 25.1 O56.O3 -i0.67 

o.6679 2.12595 5551)5 19.52 o51-.76 -0.60 
36 o.6ol-13 1.7O51 4-.31 17.99 O55.09 -0.27 

39 0.104-9 2.50-2 655o)4i 19.75 

143 o.6707 2.6123 70O1.2 19.13 

0.9956k 3.0OO o)-6 24-.30 055.29 -0.07 

1.00967 3.12529 16i.69 27.54- 056.25 -t O.9 

50 0.79900 2)4735e E459.3 23.65 O54.73 -0.63 

a corrected for the heat of stirring and for the combustion 
of the iron wire. 

h not used in ca].cuting the average value. 

Average //,,-055.36 oa]/gm. 

Average deviation = ±0.52 cal/gm. 

Root mean square deviation= 0.26 cal/gm. 

- 7l.1l ±0.03 kca]Jmole 

6r/..i -7l.O7 ±0.03 koal/molo 

¿. fr/,y -7l.6E O.O3 kca]Jmole 
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TABLE 9 

HEAT OF COIBUSTION OF 

TETRPHENY LBYIJRAZ INE 

True mass Tota]P' Heat Dey. 
cf sample heat from HNO cagm. from 
in grams cal. cal. 3 Ave. 

0.36953 l.226 3353.37 5.1 9O6O.7 + 079 

0.36252 1.26122 3293.O 7.93 9061.99 1-2,00 

O.33O 1.15093 3005.09 7.6e 9060.00 +0.01 

0.57309 1.99355 5205J46 13.76 9059.13 o.S6 

O.3697 1.22 331-9.65 7.50 9O5.O6 -1.93 

a corrected for the heat of stirring and for the corn- 
bustion of the iron vire. 

b. a heavy nickel crucible was used in the bomb and 
the combustion was carried out under 20 atmospheres 
pressure of oxygen. Appropriate corrections were 
made in the calculations, 

Average ¿/..'i-9O59.99 oa]Jgm. 

Average deviation ±1.12 ca]Jgm. 

Root mean souare deviation= ±0.67 ca]Jgm. 

¿/i= -3O7.93 0.23 kcal/mole 

¿;P/1:;: _3O1+6.3 ±0,23kcalJmole 

±0.23 kca]Jmole 
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DISCUSSION OF RESULTS 

According to the tetrahedral theory of the structure 

of the carbon atom, two carbon atoms joined by a double 

bond shoi have their positions with respect to the C-C 

axis relatively fixed rnd consequently, two strio-ieomers 
0±' any compound not symmetrical relative to the C-C axis 

should be possible. The configuration of a large nuìther 

of these ethyleniocompounds has been definitely estab- 

lished by use of various physical methods (melting point, 

boiling point, dipole moment, X-ray or electron diffraction, 

and Ramon spectra) and chemical methods (ring closures and 

chemical reactivities). Combustion data of solid isomers 

necessarily incudes the attice energies of the crystals. 

In practical]y all cases, the trans-isomer has been 

shown to be the more stable (trans substituent groups on 

opposite sides of the C-C axis). The relative instability 
of the cis-isomer can be due to two main types of forces: 

(1) purely steric rerulsion of the large groupe when thy 
find themselves on the same side of the more or less rigid 

double bond, and (2) the dipolar electrostatic interaction 

which always tends to make the compound with the smaller 

dipole moment (trans-isomer) the more stable. 

In the case of the P-dinitrostilbenes (-p,p1- 
dinitrodiphenylethylenes), the difference in the heats of 
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combustion of the two isomers will be the heat of the 

transition reaction cistrans including the necessary 

change in the crystal lattices. This difference amounts 

to -1+.2 ±0.2 kca3jmole of 4-,P-dinitrosti1bene. 

Professor Melvin Calvin of the University of Calif- 

ornia, who furnished the samples of the compounds, is at 

present engaged in the study of a series of substituted 
s-tilbenes of which this determination of the heats of 

combustion is a part, The combustion of other isomeric 

pairs wi II be continued as rapidly as they are received. 

In Table 10 are listed the values of the heat of 

combustion of the substances used in this study and the 

values given in the literature. These heats of combustion 

are probably accurate to within ±0.01% or better since 

in the determination of these values, materials from 

different sources, purified in various ways, were used. 

Consistent results with these different samples were 

used as the criterion of purity of the samples and of 

the validity of the value determined. 



TABLL 10 

SUMMARY OF THE HEATS 0F COMBUSTION MEASURED 

AND THE VA lIJES RECORDED IN THE LITERATURE 

Substance Heat of Heat of Observer 
combustion 

fOUflda 
combustion 
reporteda, 

kca]Jmole kcal/mole 

Aniline -a10.55 -]2.7 tohmann(16) 
-11.7 emou1t(1O) 
-16.7 Swartz(19 
-]O)4- Huffman(c 

Benzamide -.76 --7.6 Stohmann and 
Schmidt(1) 

Dibenzoylhydrazine - 1675 .5 

cjs-k ,L '-Dinitro-. 
stilbene -1572.95 

transJ4- , '-Dinitro- 
stilbene -156.75 

Diphenylamine -1531. -1536.2 Stohmann(17) 
-1530.2 Lemoult(1O) 

PhenyThydrazine -71.6 _75.14. Lemoult(11) 
Petit(13) 

Tetrapheny 1- 
hydrazine 3O.75 

a heat of combustion 

b these vaes are those reported by Kharasch(9) 
e private communication (19!12) 
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ESTIMATION OF THE ENERGY 

OF THE NITROG -NITROGEN BOND 

From the combustion data obtained by Hughes, Corrucini, 

and Gilbert(7) on the heat of combustion of hydrazine, a 

value of 20,0 kca]Jmole was calculated (a2) for the bond. 

energy of the nitrogen-nitrogen (hereafter, N-N) bond. 

Pauling(12) reports a value of 23.6 koal/mole calculated. 

from the early data on the heats of combustion of phenyl- 

hydrazine and. aniline, Cain and Wìselogle(l) estimated 

a value of 30 kcaJmole for the N-N bond in tetraphenyl- 
hydrazine from the rate of dissociation of the compound. 

Using the combustion data given above, the simplest 

calculation of the N-N bond energy is from the differences 
in the heats of combustion of compounds related as are 

diphenylamine(I) and. tetraphenyThydrazine(II) . From the 
"N 

\ Ci 
A'-h' // - (X1 (Y 

structures of these compounds it is seen that the difference 
in the heats of combustion would involve the dissociation 
of two N-H bonds, the combustion of two atoms of hydrogen 

and the dissociation of the N-N bond. The energy required 

to break the N-H bond (12) and the heat of combustion o 

the two atoms of hydrogen (15) are known; hence the energy 

required to break the N-N bond öan be calculated. 
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FROM THE COUST ION DATA OF DIPHENYMINE AND TETRA- 

PHENYLHYDRAZINE. Writing the combustion reaction in terms 

of the groups and bonds which must be broken up, for 

t etraphenylhydzazine 

41(Ø-,v) 'i' (,«./-,'V) 2 q ( 24' Cc r,-, " /C '(1' 
(/) -3O4/f, *-/ 

and. for the combustion of two moles of diphenylamine: 

4'(Ø -'v.) ' 2 ('V - 2 i -- 24/ C2 -,' / / /- C 

(2) ,i/-/ -3O3 i-./ 

Subtracting equation (i) from equation (2) 

(3) 2 (-) - / ('i - ç 

Adding the known reactions: 

(4c7) 

(4") 

(4"c) 

2 /9) 2 A/() 2/-,) 

, 
Q (/1 /-4 (91 ( = 

J 4 e / 

/' - 2 AV ) /- 

,L7/ / C 3. 1/ Ac?/ 

() 2 /V, / 0(1] d 2V-/) 4/ 

gives for the value of the N-N bond: 

(_) 2 /V9 ) - (Ai'- //) ¿ d7 /:Y. 



FROM TH OOUST ION DATA OF BENZAMIDE AND SYL-DI- 

BENZOYmYDRAZINE. à similar calculation using the heats 

of combustion of benzamide and -dibenzoylhydrazine is 

as follows: 
o 

2. (ç--Jv) 2(,v-A/) 1"/-"J) ' /7 C' -p 4/ C)ç,j - 4 /7'z"l) 

i2) A/2 ¿j ' = / 75: -= / 
Q 

2 (ç - -cv) 4' ('V -/-/) /Z - ,'4' C4 - 7 ,'- c-_ ,' 

(a-) - /4 / 

() 2( ') I O ¿j - 2/ C / 

(' 2 /\7) ci(,) -* 5- z (,i--'') L '7' 

() 2 A/() (_,'\/- ,y) ¿j /-/ -j4 7 Ir/ 

FROM THE OOUSTION DATA OF ANI LINE AND HYDRAZO- 

BENZEITE. Both of the above cases involve solid compounds 

which must necessarily include the differences in the 

lattice energies. To avoid this difference in lattice 

energy of the crystals, a calculation can be made in- 

volving two liquids, aniline and. hydrazobenzene. The 

heat of combustion of hydrazobenzene has been recently 

determined by Swietolawski and Bobinska(20) giving the 

the value of -l57.9 kcal/mole for the reaction at con- 

stant pressure. To make the two substances comparable, 

the heat of fusion of hydrazobenzene, -.4-.22, (21) kcallmole 

must be added to the heat of combustion to give the heat 

o± the combustion ±eaction in the liquid state. 
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Calculating from the heats of combustion in the 

Barrie manner as before: 

2 (91 -,i/) - 2 ÇA/-/9) 7(/t/AJ) ' - /2 CCk "'Ya ¿) 

(/) A/ - / .5?2 / 4-c / 
2 (qz - A") , 4/ (A/-A") -" /.j .i C2 -'- / 2 CC' - 7/- C1j - () 
(2 á'7'= -/'2// Ác-/ 
(_3) 2(7/).iQL)(P/ /)A7C,) ,,-/.=-- 2?,O *c-/ 
() Z() / O() , - 2 A/ -) __ 3 e / 

-, ('/-'\/) /-/ -/74?/ 

FROM THE HEATS OF FORM.TIOT OF ANILINE A'TD PHYL 

HYDRAZINE. Since the heats 

and water are definitely known, the heat of formation of 

a compound can easily be calculated from its heat of corn- 

bustion. The heats of vaporization of aniline and phenyl- 

hydrazine are known Q-i-), (23) so that the heat of for- 
mation of these two compounds in the vapor state is given 

by: 

C (1) "' 5/7 -, o- /4 c9ì -' C //;i ,A/ (5) 

4/5. 9/ Ce-// 

' cc, -' 4/ /- L A1 e( A1j f9) 

¿/_7'= /92 4C4:r/ 

From the structures of the compounds it is seen that the 

difference in the heats of formation(H 29.66 kca]ímole) 
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involves the forìnation of one N-H bond (H -3.7 kcal.), 
the formation of an atom of hydrogen and an atom of 

nitrogen from their molecules (H = 136.7 kcal.), and the 

formation of one N-N bond (H 2.3 kcal.). 

FROM COMBUSTION DATA OF AMI LflE AND PHFNYLHYDPÀZINE, 

Considering theEe same two compounds in the 1icuid state, 
the difference in the heats of combustion ( H = 6i.i koal.) 

would involve the dissociation of one N-H bond (3.7 kcalj, 

the oxidation of one atom of hydrogen to form liquid water 

(_5.9 kcal.), the condensation of a nitrogen atom to one 

half of the nitrogen molecule (-5.i koal.), and the dis- 

sociation oÍ' one N-N bond ( H 26.2 kcal.). 

BY THE SULMAT ION OF T BOND ENERGIES OF PHENYI 

HYDHAZINE. Another interesting calculation can be made 

in. t1e compsrison of the sum of the bond energies involved 

in the phenyihydrazine molecule using the values given 

by Pauling(12), assuming the resonance energy of the 

mo boule to be the same as that of ani line, and the heat 

of formation of phenyihydrazine in the vapor state from 

the gaseous atoms necessary. This comparison leads to 

a value of 23.7 kcal. for the N-N bond. 
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Tabulated below are the various values for the N-N 

bond that have been calculated from the combustion data 

given. 

TAB1 U 

SUMMARY OF THE CALCULkTED N-N BOND ENGIES 

Compound N-N bond. energy 

Tetrapheny ihydrazine 

Dibenzoy ihydrazine 

Hydrazob enz ene 

Pheny lhydrazine, vapor 

licuid 
bond. energy 
sumniat ion 

10.5 kcal/mole 

16.7 kcal/mole 

214.7 kcal/mole 

2.3 keal/mole 

26.2 kcal/mole 

23.7 kcal/mole 

In all the above calculations anassumption had to 

be made concerning the N-H bond energy. The value used 

is that proposed by Pauiïng(12) and is one-third the heat 

of formation of the ammonia molecule from the gaseous 

atoms. No other data being available, it was further 
assunied that this bond energy is the same for any N-H bond 

regardless of where it is found. 

Ammonia is a relatively sing base, diphenylamine 

is a neutral compound forming both acidic and basic salts 
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orly under special conditions, hydraobenzene is neutral 
but is rapidly oxidized in air to azobenzene, aniline is a 

rather weak base, and phenyThydrazine is a strong base and 

a vigorous oxidizing agent. In view of these widely dif- 
f ering properties, it does not seem reasonable that the 

N-H bond should have the same energy wherever found. But 

until more data has been assembled. concerning this auan- 

tity, the assumption will have to be made. 

Another assumption that was made in the above cal- 
culations vas that in the various pairs considered, the 

resonance energy of the two comounds was the same. From 

the structures of the compounds, this assumption is prob- 

ably better than th.t of the N-H bond energy but it also 
has some uncertainty which cannot be definitely established 
until more data is available. 

The abnormally low value for the N-N bond. energy in 
tetraoheny ihydrazine was expected. Tetraphenyihydrazine 

dissociated into free radicals very easily, probably indi- 
ca.ting that the resonance is occurring between the nitrogen 
atoms and their attached phenyl groups tending to pull 
the electrons forming the bond, out of the bond and into 
the resonating system, making the bond. easy to break. 

Considering the validity of the assumotions made, 

it is not surprising that the values of the N-N bond energy 



calculated should. vary as much as they do. Probably the 

best value is that calculated from the heat of combustion 

of hydrazine (20.0 kca]Jmole) since that calculation 

involves only N-H bonds in the vapor state in a compound 

similar to ammonia. 



SUMRY 

i. The heats o± combustion of aniline, benarnide, 

cliphenylamine, and phenyihycirazine have been redetermined 
in a more precise manner. 

2. The heats of combustion of cje and trans--,4-'-dinitro- 

stilbenes, tetraphenyihydrazine, and dibenzoylhyclrazìne 

have been determined. 

3. From the combustion data obtained, the heat of trans- 

ition of the reaction e trans-14P-dinitrosti1bene and 

the energy o±' the nitrogen-nitrogen bond have been 

ca. leu lated. 

14 A need for data concerning the nitrogen-nitrogen 

bond energy in various compounds and the resonance energy 

in most compounds is strongly indicated. 



36 

BIB LIOGRAPHY 

J_s Cain, C. K. and Wiselogle, F. Y., J. Am. Chem. Soc., 
62: 1163 (i9i4o). 

2. Coleman, O. M., Organic Syntheses, Collective Volume I, 
H. Gilman, Editor. John Wiley and Sons, Inc. p. 2. 

3. Davies, G. F., Ph. D. Thesis, Oregon State College, 
i9)4 i. 

I_. Garrick, F. J., Trans. Faraday Soc., : 560 (1927). 

5. Gattermann, L. and Wieland, H., Lboratory Methods of 
Organic Chemistry, Macmillan Co., New York, p. 355 
(1937). 

6. Hughes, A. M., M. Sc. Thesis, Oregon State College, 
l93. 

7. Hughes, A. M., Corruccini, R. J., and Gilbert, E. C., J. Am. Ohem. Soc., : 2639 (1939). 

. Jessup, R. S. and Green C. B., Bur. Standards J. 
Research, fl: 96 (l9. 

9. Liarasch, M. S., Bur. Standards J. Research, : 359 
(1929), 

:10. Lemoult, P., Ann. chini. phys. (s), Q: 395 (1907). 

11. Lemou lt , P . , Ann . chini. phys . () , ]2-I-: i ( i90). 
12. Pauling, L., The Nature of the Chemical Bond, Cornell 

University Press, Ithaca, New York, Second Edition. 

13. Petit, Ann. chim. phys. (6), : J45 (i9). 

i1.. Rossini, F. D., Bur. Standards J. Research, : 07 
(1939). 

15. Rossini, F. D., Chem. Rev. j: 233 (1936). 

16 . Stohmann, F. , Z . physik. Chem. 6: 334- ( l9O). 



17. Stohmann, F., Z. physik. Chem. : 1-iO (192). 

]_. Stohmann F. and. Schmidt, J. prakt. Ohem. (2), 
: 35 196). 

19. Swartz, Ree. tray. chini. Pars-Bas, : 59 (1913). 
J. chini. phys., : 3 (1919). 

20. Swietolawski W. and Bobinska, J. Roczniki Chem, 
: 723 (1929. See Chem. Abstracts 24: 1790 (1930). 

21. Tamrnann, Z. physik. Chem., : 273. 

22, ashburn, E. W., Bur. Standards J. Research, j: 525. 

23. Williams, G. E., M. Se. Thesis Oregon State College, 
192. 


