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I . INTtcODU C'I'ION 

The heat of formation (~ Hf) of a molecule is defined 

as the change in enthalpy for the isothermal reaction in 

whi c h a mole of the s ubst ance in a defined state is formed 

from the element s, each in its st andard state , as for 

exam )le; 

C ( gra hite ) + o
2 

( ~as ) = CO (gas ) 
2 

The stan dard stat es custon arily u sed are th e id eal gas a t a 

pressure of one atmosphere and the solid or l iquid under a 

pressure of on e atmosphere (or under its own vapor pressure ), 

all a t the temperatur e specified . 

It is poss ible to analyse a chemica l reaction the rmo­

chemi cally into two steps . The first step involves the d -

c ompos i tion of eac h of the r eact ants i n the ~i ven state into 

its e l ernen ts in th e defined states . The heat of this pro cess 

is the negative of the sum of t h e h~ats of fo r mation of 

the reac t ants . Th e second step is the r ecombination of the 

e l e ment s to form the products in th e giv e n s t ate with a heat 

equal to th~ sum of the heats of fo mation of the products . 

1 



Reactants= elemants 
t1H

1 
= -i.t1 Hfl-t 

elements= Products 
c, H = Z:.~Hf 

2 p 

adding reactions 1 and 2 gives 

Reactants= Products 
1,. H = 6H +6H = 1 t.Hf -IDHf 

3 2 1 p R 

( 1) 

( 2 ) 

( 3 ) 

The heat of reaction (3) can be computed if the heat of for­

mation of each substance in the state involved in the re­

action is known. This follows as a consequence of the 

definition of the internal enercy (U) and the enthalpy (H) 

as functions of the state of a system and , for a particular 
1 

mass , defined by the variables temperature and pressure • 

The change in energy for a reaction is thus a function only 

of the initia l and final states; thermodynamically speaking , 

the path by which the reaction takes place is of no conse­

quence. This was first shown to be true experimentally by 

Hess 2 (Hess ' law) in 1840 and has been verified by countless 

experirnents since then. This law is the basis of thermo-

chemistry. 

The heat of formation of a compound may be measured 

2 

calorimetrically either by direct synthesis from the elements, 

as in the case of carbon djoxide or water, 



H
2 

( gas)+ 1/2 o
2 

( gas) = H O ( gas ) 
2 

3 

or indirectly by a rea cti on in wl--ii ch the heats of forrna tion 

of a ll the s ubstances involved , with the exception of the 

mo l e cule in question , a nd the heat of the reaction are 

known . For the ma jority of the orp,anic compounds the in­

direct method is the more practical one . The heat of 

combustion of the se co mpounds , where the substance is burned 

in oxygen to form well define d products ( CO 2 , H20, N2 ) is 

especial ly useful because of the hif h precision wit h which 

it can be carried out experi ,r,entully . In addHion, the 

heats of formation of the products have been det ermined to a 

high degree of a c curacy. 

If the heat of f ormation of ev 'ffY compound we re known 

it wou l d be possible to comput e the h~at for any eacLion 

invol vin ,P- any of the compounds . To obtain this info mat Lon 

it would be ne cessary to measure at least ona cheffiical re­

action for each compound . However , it is possible to reduce 

the numbe r of reactions that must be neasured throuFh 

correlat-Lons of internal ener ,y with mol ,➔ cuJ ar structure . 

This has been done with ~r eat success for th , hydrocarbons , 

in whi ch the method of ener ,gy incre111en ts for specific normal 

alky l radicals has been adopted . 

I n t he hydrocarbons , it is pos sible to b eak the 

molecule into two portions . The firs t part is the functional 

g)'.'oup . This may be simply a methyl r oup , or a ruore complex 



4 

unit such as CH2=CH- , CH~C-, phenyl , cyclohexyl, or 

cyclopentyl . The S3cond portion is the n-alkyl chain, 

-( CH2 )nCH3 . From the heat s of combustion of the simple normal 

paraffin hydrocarbons, tne alkyl benzenes , 1-alkenes, alkyl ­

cyclopentanes , and a lkylcyclohexanes , it is possibl e to 

arrive at values for the chanc-es in the heat of co1nbustion 

and the h..;at of formation , in both the liquid and ,e-aseous 

states , as - CH
2

- gr oups are ins _rted in the alkyl chain3. 

These incremen ts are constant , ber innin~ with the third 

member of th s.ries , propane . The addition of furthe r -CH2-

gr oups increases the heat of combustion by a constant amoun t, 

indep ndent of the f un ctional group or the l ength of the 

chain . To a lesser de~r ee , this works with branched side 

chains , provided the point of b ranchinv is at least two or 

thr ee carbons emo ved from the unctional (Troup . In this 

cas2 the paraffin hydrocar bon with the sa:ne branched 

structure is us ed as a reference , _ather than th straight 

chained compound . The diff_rence be tw~en the heats of com­

bustion of the two par affin compounds (n o mal and branched 

hydrocarbon) is us ed as a c rrection term to the vaJue calcu­

lated by th e simple increment method . Where the branchin · 

is close to the fun ct iona l group , as in tert-butylbenzene, 

t he steric st r ains created by the - CHJ ~roups and the benzen e 

rin,(l' pr event an accurat e es tili1a te of the h3,.l'L of combustion . 

Thi s situation do2s not exist in a compound such as 

l - phenyl - 4, 4- dir 1et hylpen tane, and its heats of comhuut j on 

and formation may be .-3::,timated with reasonable accuracy . 



Thu s , with the energy incr ement for the - CH 2- group and a 

dozen or so exp~rimental values, it is now possible to 

calculate the heat of combusti on and formation, in both the 

liquid an d gase ous s t a t es , for any number of hydrocarbons . 

A still more fundamental picture of the energy content 

of a r,1o l ecule may be obt ained when one relates the en ergy 

content directly to the mo l e cular structure . The posj_tions 

of the atoms , th e re l ationship of one atom to another , the 

val en ce bonds between atoms as they form a molacule , re re ­

sent an interplay of forces . When the atoms are rearr anged 

or the bonds are ruptured , a chanpe of energy content is 

involved . The formatj_on of new n!ole cule rrives rise to a 

new ener gy content and the difference between the en ergy 

cont ents of the old and the n ew mol9cule s i s the heat of 

reaction. Unfortunately , it is impossible to measu e the 

actual total ~n er gy of a mol~cule . ;u 1 thcJ.t can be de ­

termined i s the energy re l a tive to some reference state . 

What one m9asures or calculates is the difference in energy 

between two stat es and not the act ual bond en er rie s . 

5 

In the comparatively sir~le molecule methane ( CH4 ) , the 

n8r gy of the C- H bond (the "average" bond en --;rgy ) is con­

s i der ed to b~ on e fourth of the ,ncr p;y of atomization . The 

r _action involved is 

CH4 ( pas ) = C ( ~as ) + 4H ( ra s ) 



From the heats of formation of both carbon gas and hydrogen 

gas and the heat of formation of methane gas it is possible 

to calculate the heat of reaction (4). In this reaction 

four C-H bonds have been ruptured, therefore the average C-H 

bond strength is 2;iven by one fourth of the total heat of 

reaction (4). Using the bond energv for the C-H bond and a 

measured heat of formation for ethane ( CH
3
-cH

3
) it is 

possible to calculate a C-C bond energy . By propitious 

choice of compounds it is possible to obtain a series of 

6 

bond energies which can be used to estimate the energy content 

of a substance to a fair degreG of accuracy without experi­

mental measurements. In a homologous series such as the 

hydrocarbons, it has been possible to evaluate energies for 

the various types of bonds, taking into account the 

neighboring bonds, so that the 2nergy of more compl ex com­

pounds may be calculatect4 • 

With a mass spectrometer it is possible to determine 

the energy involved in breakin~ individual bonds. Thus the 

energy involved in breakin~ the first N-H bond in ammonia is 

104 kcal/mole 5 although the average bond energy of a N-H 

bond is 93 .4 kcal/mole. In co~putjng, the heat of combustion 

the average bond energy is in general sufficient. 

With this in mind, the heats of cornbustion of the 

simplest alkylamines, the primary , se condary, and tertiary 

methyl and ethylarnines, were measured to provide a basis 

for the incre rr. ent method of computing the heats of com­

bustion and formation of homologous compounds, and to obtain 

values for the C-N bond enerries . 



II . ':I • 'j ' , - 1\ ,. n - ll J I Y 1 \.. _ J \,._i_J. j IU ' , \. T l N 

A. :Jou rce s 

at :r.'')0111 tc ,r ~ratu~~3 ;,tnd n".'2~,.Jure . T'PS~ ·/ll•,ff'~ obtained as 

I1a th':; son Co . 

prcrnsu. ~ in 

ct 1, l , ·· ·· , ,., 1 .r -:tin J 11 , , 

stc:;J cvlirrJ..;rs .fro,,, the Olin 

'.!8.e -~;:~st,.an G.ade dhite Labe l reo.0·-:mt . Two or more .f i fty - ml . 

sc ... mn l cs of 8'1 C h compoun d w2re transferred Lo break- off- tip 

arnnoulcs6 . In the cJ.:::; C; (. r rnct'.1yl -, diu1 !th:,.rl- ·md triincthyl-

arrine , tl 1e or j_ ,~j nal cyb nd 8 r wa.s au., ·1 cllcd to a . ,011 i f'old 

cont, ini n g a n ui1.b?r of f i fty - rr1l . break- off- tip vi pou l .s . 

The cvl i nrhr W8.S co oled with n bath of ooli d CO 2 in a mi.xture 

o:f ee l~_ a nd c11 c1
3 

before it vr .. s opened to th'J manifo l d whi c h 

had becm -evctcuated to about 10- 5 rmn . of Hg . The ma t e i a l 

was allo wed t o dj stil l un dc its own ,r.ci.no, ' nress ure f r om 

t hi; cyl j nr1 er into ,rn aP1poul e . :/h-:m th.J ·~ 11.poul ~ was f i iJ ed, 

t he c y lj nder valv e w3.~:; c los?d •nrl th c mat3rial in the 

a rnpoule was .f oz ,n by ril'1cin·- a JicpJjd n:itr()•·~n bat]· a r o und 

it . The ar.rnou l - 1·,ra3 :::; J.J.l~d of. fror.• th'; r•.·rn:i fold anrl. 3tor e d 

in a fr3e;ze r for fut u re u se . ThL, nrocedu_ e ,,,,r.:.is re~)"a t e d 

until the desir e d n umber of sa,,rnl ,.; \·1J.s obtnined . 

The ethyl - , 1l i 8t hyl - ·rnJ. trj .;tliy:Jarrdn-.Js 1vcre rccei v ~d 

i n ul~ss contain.Jrs . :i.::J ch c0 1pound 1,Ls no u r d i.nto 3. nyr ,x 

vesse l i-rh ich ·.v.:.1s in tu n s2~J ,~ct on to a m·1t1 · fold cont li n i n g 

b r3ak- off- t jn arr:pou l 2s . 'l'h·2 c orn oun d--:; ,rnre tran,3.fe r ed to 

the 'nr e~.k- o f - t j p a.:, oul "'!S as descy, i bed abov , an,· s Lo ,ct • 

7 



The purity of these co, ~ouncls , 1 11th the e.{C'<)'ltion of 

dim~thyl ~trnin 2 ;c:1.nd triethyJ.am:i n J , w· ...; d 2t ci,~: dnsd ''rom the 

rnr~asu e,1ent., o, th2 tin1e - te•.n3_ature fr'::e,~jnp· ~1oin t curve7 , 8• 

Th ✓ p u.c:i ty of tl1 ') d i motny.l.:.trn:i.n2 ''!C\3 obt,'..ti!l-:,d from infrared 

sn2ctral d·.tta . The pud ty of the trL::tl1yJ.anine 1r.as de -

termined fror, tr1 e a t io of t h~ wJi_,,·h t of carbon dioxide 

obtained as a product of the c oi, .bust ion to the stoichiometric 

weiD'ht of carbon rJj oxide calcula t e d fror the wei 0 ·ht of s a mpJ. e 

used . 

B. Purjty 

1 . Me t hy J amine , Trir "'!tnvl·1.1dnr; , ~t hyl'1mine , a.nd 
Diethylamine 

The purity of these corr!],o und s was determined from t ime ­

tempe rature freezjnp; curve s . The r,rocedure for determining 

t he purity by thjs method and th_ nri11 ci pl es involved have 

bee n d iscussed in d tai l 7 , 8 , 9 , 10 ,ll . The procedure wa s 

followed with some modi ications as described below , to 

permit the u se of smaller test sw~ples . 

Fi g ure I shows a cross - section of the Pyrex fr eezing 

tube . This consists of a center tube A, encloscld by a 

silvered jacke t B whj_ch c.:.1n be evacuated . The C--nt e r tube 

contains ~ platinwn re sistance ther~omete r C which fits 

snu~gly into a slotted br ass core D. The e1ti c system has 

been const r ucted so that it may be comp] e t e ly evac11ated , to 

pe r mit t he meu surement of a fr eez jng curve of a s.:i.nrnle under 

its own vn por nressure . 
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The liquid when introduced into the tube A will cover 

the brass core. The purpose of this core is to distribute 

the heat uniformly throughout the body of the liquid sample. 

This core permits the elimination of the stirring mechanism, 

thereby reducin,o: the over-all volume of the vessel. It is 

now possible to obtain the necessary data with a five-ml. 

sample instead of the usual fifty-ml. sample. Moreover, no 

correction term is necessary to account for energy due to 

t . . 11 s 1rr1ng • 

10 

Approximately five ml. of a sample is transferred by 

vacuum distillation to the tube E. After this sample hRs 

been frozen in a liquid nitrogen bath, the stopcock Fis 

opened and the entire system is evacuated. When the pressure 

is reduced to about 10-5 mm. of Hg, this stopcock is closed 

and the sample is allowed to melt. On melting, the liquid 

will give up any gases which are dissolved in it. The sample 

is once again frozen and the system is opened to the vacuum 

pump and evacuated. This procedure is repeated until the 

liquid shows no evolution of gases on melting. The liquid 

nitrogen bath is then placed around the tube Band the sample 

is transferred from tube E to tube A by vacuum distillation. 

After this silvered jacket B has been evacuated, the 

apparatus is removed from the vacuum line. Fj gure II is a 

schematic drawing showin~ the arrangement of the various 

components used in obtainin~ the time-temperature curve. 

The thermomete r is a Meyers and Knapp ~lass -envelope 

twenty-five ohm platinum resistance thermometer #S-109. The 
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Wheatst one bridge is a Rubicon Model G- 3, and the amplifier 

js a List on- Be cke r direct current amplifie r Mode l No . 14, 

which is connected to a Triplett microamm ter whose s c&le 

reads 50- 0-50. A six- volt storage battery i s us ed to supply 

the thermometer current . The advantafes of this system over 

the one used previously11 , which uses a suspension galva­

nometer and an optical system to inc ease the sensitivity of 

the ga J.vanor.1e ter, are its compactness and its greate r 

s2nsj_tivity . It is possible to increase the sensitivity of 

this system to b _ able to read a change of lXl□-6 ohms. The 

platinum resistance the r mome t er has been calibrated by the 

Heat Division of the Nat j_onal Bureau of Standards and the 

r esis tance bridg~ has been ca libra ted by the ~le ctricity 

Divi s ion of the National Bu reau of Standards. 

After the thermometer has been connected to the bridge, 

the freezing ba th i s removed an the s ample is allowed to 

mel t compl e tely, as ind icated by a sharp rise in the rate of 

cha n g e of the temperature . Th e freezin g bath i s r eplaced 

around tube Band the temper ature of the sample followed and 

recorded as it begins to freeze . 

The bridge is set at an appropriate value of the re­

:.:, istance a nd the time is recorded when the microammeter 

indicates zero current. Th e rate of temperature change is 

estimated so as to ~ive a readin~ at approxinately every two 

12 

minutes before t he liquid f r eezes . hile t he liquid is bein g 

frozen t he inteva ls a re taken closer to?e t her to Giv e a more 

defined curve. 



The purity of the compound wa.3 calculated by the methods 

p eviously described with the basic equation 

= 1-r 
~ 

A ( T 
0 

T )8,9 
f 

13 

N
2 

is the mole I'raction of impurity in the original substance, 

r the fraction of the sample frozen, A the cryoscopic constant 

(oH/ RT~ ), T
0 

t he temperature at which crystal lization would 

begin if no supercooling occurred, and Tf the temperature at 

which the crystallization is coP1ple te . Thi s method does not 

require highly accurate measuro .. ,ent of absolute values of 

te~perature since it is the difference between T0 - Tf which 

is required . 

Fi gure III shows a typical time- temperature fr eezin~ 

cur ve . Where the purity was found to be less than 99 mole 

per cent , the material wa0 further purified as described below . 

Methy l amine , dim2thylamine , trim~thylamin e , and ethylamine 

were purifi ed by fractional crystallization . The techn ique 

of fract i onal crystallization has been discussed in detail
1 2

• 

I n essence the separation of a singl e component from its im­

purities by fractional crystallization de ends upon the low 

growth of cryst als . If the rate of crystallization is very 

slow i t becomes possible for thJ crystal to s 0 l ct prefer­

ent i ally the pure coir:ponent and rej e ct the i mpurit es • 

Moreover the slow rate of r;rowth will produce lar r.,;e crystals 

which have the advantage of small s u face area . This will 

reduce th e amount of liquid ret a in don the surface of the 
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cryJtal. As the crystals grow , the liquid phase becomes more 

and more concent rated with respect to th e impurity , and may 

be separated from the main body of material by de canting . In 

the present work the boiling po ints of the materials used 

range fr om - 6° to +17°C . This makes it necessary to carry 

out the fractional cryst a llization in a closed system . 

The apparat u s developed for the fractional crystalli­

zation, Fi gure IV, consists of a large 11 U11 tube A. Around 

one ~nd is a va cu um j a cke t B, while on the other end is a 

series of tubes C, each capabl e of hold i n g approximately 

twen t y - five ml . of l i qui d . These tubes are attached in such 

a manner that they may be easily sea led off and removed . In 

addition to these tubes , a twenty- five ml . break- off- tip 

ampoule Dis s ealed on at the base of the "U" tube . The 

entire apparatus is made of pyrex glass . 

This crystallization cell is sealed on to a vacuum line . 

A break- off - tip ampoul e containing app roximately fifty ml . of 

the impure sample E , is also sealed on the vacuum line . The 

entire system is pumpe d down to approximately 10- 5 mm . of 

mercury . vh e n this po int is rea ched a liquid nitrogen bath 

is pl.::i. ced around tube B and the break- off- tip in ampoule i 

is broken . \'hen n earl y all the sample has been transferred 

by va c u um distil l ation from E to A 
' 

a li quid nitrogen bath 

is pla c e d around the ampoule E , and any excess sample re-

maining in Eis frozen solid . The crystallization cell is 

re1~1oved from the vacuum line by sealin°· it off with a hot 

flame at F . A vacuum 10- 5 mm . of Hg or better is establishe d 
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between A and Band the material is ready to be purified . 

The crystallization cell is clamped s e curely to a sturdy 

ring stand with the vacuum jacketed arffi in a large Dewar 

flask . Liquid nitrogen is poured into the Dewar flask until 

the level of the liquid nitrogen is even with the bottom of 

tube A containin °· the sample. The top of th e Dewar flask is 

covered by a lid cut to fit around the cell. The level of 

the liquid nitrogen is maintained constant until crystals 

begin to a ppea r in the liquid at the bas e of th e tube A. 

\'The n these crystals appear, t he l evel of the liquid nitrogen 

is raised slowly causing more crystals to grow. This process 

is continued for a period of twenty to twenty-four hours 

until all but approximately five ml. has crystallized. The 

cell is removed from the ring stand and quickly inverted, 

pouring the liquid phase of the sample in A to the bottom 

tube at C. The cell is then r eplaced on the ring stand with 

both arms of the tube now submerged in liquid nitrogen baths. 

The liquid in C is frozen and the tube containing the impure 

material sealed off and removed. The crystallized material 

is allowed to melt completely whereupon the pro cedure as des­

cribed above is repeated. When this has been repeated three 

times, the cell is inver ted and the purified liquid is 

transferred to the break-off-tip ampoule D where the liquid 

is frozen and the ampoule is sealed off and removed. 

2 . Triethylamine 

It was not pos s ible to obtai n a time-temp erature 

fr ee zing curve on triethylamine . This compound when cooled 
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solidifi ed into amor phou s glass . As is characteristic of this 

type of substance , there i s no sharply defined freezing point . 

To obt a i n an estimate of i t s purity the ratio of the mass of 

carbon d i oxi de obtaine d as a product of the combustion to the 

stoichiometric mass of carbon dioxide calculated from the 

ori ~inal mass of sampl e u sed was examined. The average ratio 

for five exper im-nts is 0 . 99515~ 0 . 00254 . This would ind i cate 

that the purity of triethylamine is better than 99 mole 

percent . Tabl e I p;ives a summary of the data inc1udinp: the 

freezing points of the pure compounds, Tfo' the purities of 

the ori Final sample and that of the purified sr1m1Jle and 

finally the a v e r age ratios obtRined in the manner described 

above . 

J . Dimethylami ne 

An infr ared analysi s was made on a sampl e o:f dim e thyl­

amine by J . St ewart of the Gas Chemistry Section of th 

Na U. ana l Bureau of Standar ds . This analysis was made to 

determi n e the p uri ty and the identity of any amines other than 

dimet hylamine . The results showed the presence of less than 

0 . 07 mole percent of ammonia and l ess than 0 . 03 mole percen t 

of me t hylamine . The spectral data showed no in,i ication of 

ethylamine or trimothylamine within the limits of the de ­

termination , which we e considered to be 1 ss than l .C of the 

valu es reported . The purity of dimethylamine was estimated 

from these data to be better than 99 . $ mole percent . The 

mean car bon dioxide ratio obtained fo th·s compound was 

1 . 00116±0 . 000Jl . 



methyl­

dimethyl­

trimethyl­

ethyl­

diethyl­

triethyl-

* 

Table I. Physical Prope rties of the Amines 

1) Puritv (ourified) Ratio* -- - . - -
Tf 0 Purity (original} Purity (purified ) 
OK mole percent mole percent 

17903 99.1 99o7 1000133 ±D.00076 

180.7 98o7 99.8 1.00116 ±0.00031 

15.5.2 98o9 99ol 0.99.56.5 ±0.00272 

2.5600 99.2 99o9 0099345 ±0.00300 

22403 99o7 0.99814 ±0.00305 

99+ 0.9951.5 ±0.00254 

Ratio of mass of co2 determined experimentally to stoichiometric mass of co2 calculated from mass of sample burned. 

f-' 

'° 



III. HrATb OF COMBUSTION 

The energy content of an organic compound, relative to 

that of the constituent elements at the same temperature, is 

most easily determine d from measurements of its haat of 

combustion. These data may then be combined with the ap­

propriate auxiliary data, such as the heats of formation of 

the products, to obtain the heat of formotion of the compound. 

In this method the heat of formation is obtained as the rela­

tively small difference between the sum of the heats of 

forma tion of the combustion products and the heat of com­

bustion. For this reason a hi~h degre e of precision is 

necessary in the measurement of the heats of combustion. 

The determination of a heat of combustion may be con­

sidered to consist of two parts, the calorimet ric and chemical. 

The calorimetric part is the measurement of the heat evolved 

during a particular reaction, in this case the combustion of 

an amine ; the chemical part is a deter inination of the pre cise 

r eaction which took place , or characterizes t he initial and 

final states of the reaction. 

A. Method and Apparatus 

The method, apparatus, and procedure used have been 

d ·b d · d 1 bl. t· 13,14,15,16,17,1$ escri e in etai in previous pu ica ions • 

The calorimetric apparatus consists of an isothermal-jacketed 

calorimeter which houses a calorimeter can containin~ a weighed 

amount of water, a bomb, a platinum resistance thermometer, a 

heater, and the electrical conne ctions for i gnit ing the sample. 

20 



The jacket of the calorimater contains approximately eleven 

lit rs of wa ter which is kept near 28°C . The temperature of 

the jacket is controlled by a ph~to - electric ra~ulator which 

r1c1int-::ins the tempc ature of the b<-th to 1·1ithin ±0 . 001°c18 . 
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The calo.im~ter can has been modified sli~htly from that 

~a3cribed 9reviously . The three ivory pegs which supported 

the can have been replaced by thrae insulated brass support s 

(120° apart, one inch below the rim of the colorimeter well ), 

which serve as contacts for the heater, the i nition lead , 

and the ~round l ead . The calorimeter can has three insulated 

brass rods approxim~tely 5/8 of an inch lon projecting 

horizontally from th ~ top of the can . These rods on th8 can 

fit into brass supports in the caJo jmeter well . Wnen the 

co.lorimGte can is se t in position , it is suspended from the 

bass supports with an air gap aoproximately 1/2 inch wide 

on a ll sides . The insula ted brass rods on thG can serve as 

t erminal Dosts on the inside of the can . On~ por-;t is used 

for the heater which is used to supply heat to the water and 

bomb in thG can to raise them to the proper ter.1peratu c . 

This heater is mounted permanently below the stirrer and 

replaces the co i led heater which formerly fitted snugly 

around the bomb18 . The se cond post is used for the i pition 

wire and the third post is used as a Fround . Th e can , h8ater , 

and ipnition leads have become a sinplG unit . This facjlj ­

tates the assembly of the apparatus and reduces considerably 

the he~t leak by conduction throu~h the l ead s . 

The ther111orneter used is a Leeds an Northrup blade - t ype , 
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metal-encased platinum r e sistance thermometer No. NBS-616 . 

The r e sistance of this thermometer is measured with a Mueller­

type resistance bridge of the G-2 series made by the Eppley 

Laboratories and a Leeds and Northrup sus pension galvanometer. 

Both the pla tinum resistance thermometer and the resistance 

bridge were calibrated at the National Bureau of Standards. 

The bomb employed is a double valve Parr bomb similar to those 
. 13 19 previously used ' , except that it has a Teflon (polytetra-

fluoro-ethylene) washer in place of the large gold washer, 

Teflon valve packings, and a Teflon electrode insulator. 

The amines were burned in the liquid state. Because of 

the high vapor pressure of the amines the s amples were sealed 

in weighed glass ampoules filled by vacuum distillation at 

low temperature. The ampoules were thin-walled soft-glass 

spherical bulbs, which were made to withstand a pressure of 

thirty atmospheres. The soft-glass spherical bulb was 

chosen since its shape gives the greatest strength while the 

soft glass is easily broken by the i gnition wire . 

To test the spherical bulbs before filling they were 

s ealed as shown in Figure V-A and pla ced in the empty bomb. 

The bomb was sealed and filled slowly with oxygen to a 

pressure of thirty atmosphere. The pressure was then slowly 

lowered to one atmosphere and the bomb was opened. Those 

a mpoules which survived the test were opened. The open stem 

and bulb was weighed and sealed onto a pyrex manifold, 

>:< 1 k Figure V-C, with Apiezon Wax W . Eight bubs and a brea -

,,, 

J'fanufactured by the Metropolitan-Vickers El ectrical Co., 
Ltd. , England 
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off-t ip ampoule which cont ained the pure sampl e wer e at ta ched 

to the pyrex manifold. The entire syst em was eva cuated and 

t ested for lea k s with a Te s l a Spark coil. After the system 

wa s proven to b e vacuum tight it was evacuated to 10-5 mm. Hg 

and isolated from the vacuum pump by a stop-cock. A liquid 

nitrogen bath was placed at the bottom of the first s oft- glass 

ampoule, the tip in the ampoule containing the sample was 

broken, and the sample transferred under its own vapor pressure 

to the ampoule. Because these substances have low freezing 

points and the liquids have high coefficients of expansion, 

the bulbs could not be filled entirely, as the expanding 

liquid on warming to room temperature would break the ampoule. 

When it was estimated that sufficient liquid had been trans­

ferred (approximately 1.5 ml.), a liquid nitroge n bath was 

p l a ced around the ampoule D and the liquid was frozen solid. 

The soft- glass a mpoule was sealed off with a hot fl ame and 

removed. The stop-cock was opened and the manifold was tested 

a gain for leaks. The liquid nitrogen bath was removed from 

around D and the compound was allowed to warm up to room 

temperature. The entire procedure a s described above was 

then repeated for the second bulb. 

When all the ampoules were filled, the manifold was 

opened to the atmosphere and all the stems were marked corre­

sponding to their bulbs and removed from the systems. These 

stems were cleaned throughly with carbon tetrachloride and 

then weighed with their respective filled bulbs to obtain 

the mass of sample contained in each bulb. The samples were 

stored in the constant temperature calorimetric l aboratory 



unt i l they were burned. After it was wei ghed a bulb was 

pla ced in a platinum crucible and the crucible was then 

placed in a 330-ml. bomb to whi ch 1 ml. of water had been 

added. The bomb was flushed with oxygen and then filled to 

JO atm. The oxygen had been passed through a copper oxide 

furnace t o oxidize any hydrogen and carbon monoxide present 

to water and carbon dioxide. From t he furnace the oxygen 

passed through a tube containing Ascarite to remove the CO2 
and then through a second tube filled with magnesium per­

chlorate and phosphorous pentoxide to remove any water. The 

bomb and its contents were placed in the calor imeter can 

which contained 3615 gms. of distilled water. The entire 

system was then allowed to reach thermal equilibrium. 

25 

The thermometric portion of an experiment consists of a 

t wenty minute 'fore' period, a s ixteen minute 'reaction' 

period , and fina lly a twenty minute 'af ter' period. With the 

temperature of the jacke t held cons tant at approximately 28°C, 

the combustion experiment was started at an initial t emper­

ature near 25°C. During the 'fore' period the temperature 

was recorded ev ery two minutes. At the twentieth minute the 

sample was i gnited by placing a potential of 32 volts across 

the iron fuse wire 5 cm. long and 0.012 cm. in diameter which 

was coiled above the ampoule in the bomb. The i gnition 

current flows for a period of a pproximately two to three 

seconds, stopping automatically when the iron wire burns 

through. In the first five minutes of the 'reaction' period, 

observations were made of the time , to the nearest tenth of a 
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second , at which the resistance of the thermometer attained 

certain preselected values. This was accomplished wit h the 

aid of a tape chronograph which has two needles recording 

tracks parallel to one another . One needle traces standard 

second i mpul es which it receives from the Time Section of the 

National Bureau of Standards. The second needle is activated 

by a telegraph key which is t apped a t the instant the temper­

ature rea ches the preset resistance. During the r emaining 

eleven minutes of the 'reaction' period , during which time 

the calorimeter rees t ablishes thermal equilibrium, the 

temperature chan ge wa s very smal l and observations were made 

every minute. The 'after' period followed,during which the 

temperature was recorded every two minutes. At the end of 

the ' after' period, t he temperature of the jacket was 

measured. Five combustion experiments were made of each of 

the amines, and five combustion experiments were made on 

benzoic acid which was used to calibrate the calor imeter 

system. The same procedure was followed in all the experi­

ments . In the case of ethylamine the addition of an aux­

iliary substance, n-hexadecane, was required to obtain complete 

combustion of the ethylamine. 

B. Chemical Procedure 

In all case s t he amount of sample burned was de t ermined 

f rom an analysi s of the CO
2 

formed as a result of the com­

bustion. To measure the amount of CO
2 

formed, t he bomb was 

removed from the ca lorimeter can a t the end of the 'after' 
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period and connected to an analytical train. This train 

consists of an abs or ption tube cont a inine magnesium per­

chlorate and phosphorous pentoxide and a wei ghed absorption 

tube conta ining Asca rite':< ( sodium hydroxide deposited on 

a s bestos), to absorb carbon dioxi de, and magnesium perchlorate 

and phosphorous pentoxide to absorb t he water formed as a 

r e sult of the r eac tion of the carbon dioxide with the sodium 

hydroxide. The bomb was empti ed through these tubes at a 

r ate of approximately 200 ml. of gas per minute to insure 

absorption of all the carbon dioxide. When the bomb r eached 

r oom pressure it was flushed with pur ified oxygen at the 

s ame rate for a period of ninety minutes. The Ascarite tube 

was removed, cleaned, and weighed to obtain the wei eht of 

the carbon dioxide formed as a result of the combustion 

r ea ction. The bomb was removed from the train, opened and 

wa shed out with distilled water. The washin ~s were collected 
0 

and titrated with a 0.1 N solution of sodium hydroxide to 

determine the amount of nitric acid formed. Methyl red was 

used as the indicator. 

It is unlikely that any of the lower oxides of carbon 

and nitrogen would be present in this oxygen-rich atmosphere. 

To confirm this , spot checks for carbon monoxide were made on 

some of the experiments with carbon monoxide indicating 

tubes20 . These tubes were placed in the analytical train 

a nd the gases from the bomb were passed thru. In all cases 

Distributed by A. H. Thomas Co., Philadelphia, Pa. 
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the amount of carbon monoxide present was extre1;,8 ly srccilJ , 

less than 0.001%. To determine the presen ce and amount of 

any other oxides of nitrogen in addition to nitrogen 

pentoxide (nitric acid) a mass-spectrometric analysis was 

made on samples of the gases obtained as products from sepa­

rate combu stions of methylamine and diethylamine. Two 

samples were obtained from each substance by collecting the 

gase s as the y fl owed from the bomb. Samples marked one were 

taken before the gase s passed into the absorption tube con­

taininv the Ascari t e . The samples marke d two were collected 

as the gase s left t he Ascarite tube. Thus one contained all 

the gases and two contained the s ame gases with the exception 

of the carbon d ioxide , g iving a check on the analysis. The 

mass-spe ctrometri c analysis were made by the Se ction on 

Lolecular Structure and Propertie s of Gase s of the National 

Bureau of Standards. The results reported are given in 

Table II. The high percentage of carbon monoxide found in 

the mass -spe ctrome tric analysis is inherent in the spe ctro­

meter as a consequence of the carbon f ilament used. 

In the first combustion experiments on ethylamine the 

ratios obtained from the mass of carbon dioxide collected 

and the mass ca lculated from the weight of sample us ed were 

dis cordant and unusually low, due t o incomplete combustion. 

To insure compl ete corr;b u stion an auxiliary compound was 

adne d to increase the intensity of the heat applied to the 

bulb and to maintain a flame of lon~er duration; n- hexadecane, 

NBS Standard Sample No . 568- 55 , which ha s a purity of 



Table II. Mass Spe ctrometri c Analysis 

Sample No. Comp onents (mole percent) 

CO2 A 02 N2 co 

CH3NR2 No.l 4- ~- Oo25 90.4 lo2 3.7 

CH3}i'H2 Noo2 Oo07 0.22 93.2 2.6 3.9 

(CH3CH2)21'IB No.l 12.2 Oo20 81.4 lo2 4. 9 

(CH3CH2)2NH Noo2 Ool4 0.27 9.5o3 1.3 )o0 

N2o 

Oo03 

0.03 
-

Oo02 

0 .02 

No2 

0.01 

o.oo 

N 

'° 



99.94 ± 0.04 mole percent, was used. I n this case , as in 

those above, the total reacti on was based upon the weight of 

co
2 

collected. 

To cal ibrate the ca lorimeter benzoic acid (NBS Standard 

Sample 39-G) was used. In these calibration experiments the 

amount of reaction was determined from the mass of sample 

burnect21 • However, in many cas es, both the mass of s ample 

introdu ced and the mass of carbon dioxide produced were de­

termined. The average ratio of the amount of carbon dioxide 

formed to that calculated stoichiometri cally from the mas s 
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of s ample (benzoic acid) used was 0. 99999 ± 0.00007 (standard 

deviation of the mean). This ratio of near unity for benzoic 

acid indicates that the carbon dioxide analyses are correct. 

By using the carbon dioxide analys is to determine the extent 

of reaction and not the sample weight, small amounts of water 

or any inert impurities in the amine s amples will not affect 

the calorimetri c results. The atomic weight s of carbon, 

oxygen, hydrogen , and nitrogen were taken as 12.010, 16, 1.0080 

and lh. oos22 • The unit of energy is the absolute joule ( j) • 

To convert to thermochemi cal calories, the relation 

1 cal = 4.l8L~Oj was us ed . 
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IV. RESULTS 

The calculations involved have been discussed in detail 

· . bl · · lJ ' 17 A 1 1 1 in previous pu 1cat1ons • samp e ca cu ation for a 

c ombustion experiment is given in Appendix A. The data ob­

t a ined in the calibration of the calorimeter and the com­

bustion experiments on the amines are summarized in Tables 

III-VI . Table III contains the data for the six calibration 

experiments wi th benzoic acid. Listed are the mass of 

benzoic acid used (all weights are corrected to vacuum); e
1

, 

t he deviat ion of the experimental system from the standard 

calorimetric system, including the heat capacity of benzoic 

a cid and of the parts of the system changed since these-

* l e ction of t he standard system; ~R, the corrected change in 
C 

t emp erature in ohms; qi, the i gnition energy (7.5 j/mg iron) 25 ; 

q , the heat evolved by the formation of ni tric acid (57.8 n 

/ ( ) 25. kj mole HN0
3 

aq , and Es' the energy equivalent of the 

standard calorimetric system. The quantity Es is computed 

from the r elation Es= (Q/ ~Rc) - e1 , where Q designates the 

total amount of heat evolved in the bomb process for the 

experiment at t he constant temperature of 28°C (final temper­

atur e of the experiment), 26432 . 2 j/g of benzoic acid. The 

The system used for the first calibration experiment is 
t a ken as the standard system. This system is used through­
out the calibration and combustion experiments; corrections 
a re applie d to take into account a ny small changes to the 
apparatus or conditions of the experiments. 

31 



Table III. 
Calibration exoeriments with standard benzoic acid 

(NBS s tandard Sample 39g.) 

Expt. Mas s of 6e1 
6R

0 
qi ~ Es 

No o benzoic acid j 
g j/ ohm ohm j j/ohm 

1 1.57522 16. 7 00295850 37.5 3.2 14085609 

2 1056719 1606 0.294309 35.6 2o9 140866.0 

3 1.57688 1608 0.296053 35o2 2.5 140898.2 

4 1.57519 l7 o0 0.295863 35.6 2.8 140839.6 

s 1.57660 16. 8 0.295982 36.4 2.0 140909.4 

6 1.57408 16 . 8 002955?5 38.0 2o9 14088504 

140875.9 
mean 

Standard deviation of t he mean 
±10.8 

\.,.) 

N 
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heat of combustion of the standard benzoic acid under standard 

bomb d . . d 250 k 26433.0 J·/gl5,2J,24. con 1t1ons an at C was ta en as o 

In Table IV-VI, the data are listed for the combustion 

experiments on methyl-, dimethyl-, trimethyl-, ethyl-, 

diethyl-, and triethylamine. The mass of carbon dioxide given 

is that collected as a result of the combustion of the sample. 

In the case of ethylamine, where n-hexadecane is used as an 

auxiliary compound to insure complete combustion, the value 

given i s the total mass of carbon dioxide collected minus 

the mass of carbon dioxide calculated stoichiometrically from 

the mass of n- hexadecane used. It is assumed that in all 

cases the combustion of the n-hexadecane was complete. The 

remaining quantities have the following significance; e
2 

is 

the deviation of the actual calorimetric system from the 

standard calorimet r ic system and includes the heat capacity 

of the sample, of n- hexadecane where applicable, and those 

parts of the system which have been changed since the se­

lection of the standard system;6R , the corrected temper-
c 

ature rise ; Q, the total amount of heat evolved in the bomb 

durine; the experiment, is computed with relation 

Q = ( E + e
2

) 1,. R • 6U
0 is computed from the relation 

S C 

-Qu0 = Q - (q. + a ) - W, where q. and q are the cor-
1 i1 C l n 

rections for the ignition energy and the heat of formation 
17 26 

of nitric acid and Wc is the "Washburn correction" ' , 

calculated for the over-all reaction in the bomb . It is the 

purpose of the Washburn correction to reduce the heat of 

combustion in the bomb process to the standard heat of com-



Table IV. Calorimetric combustion experiments for monoalkylrunines 

Expt. Total mass 6e2 t.Rc Q qi qn WC Q 
No. of CO2 (28°c) (n--hexadecane) 

g. j/ohms ohms j j j j j 

Methyl amine 

1 1.141+11 24o2 0.196071 27626 .. i 36.9 96 .. o o.65 
2 1.03538 21.1 00177852 250580 36.9 112 .. q. 0.ql 
3 1 .. 2i997 27.9 00214225 30185.1 35.8 58 .. 4 o.87 
4 lo~- 032 33.1 00253712 35750 .. ~ 36.2 11201 1.32 
5 1002748 20o9 0 .. 176383 24851 .. 35 .. 8 85.5 0 .. 41 

mean 
Standard deviation of the mean 

Ethyl amine 

4 1.,56378 23.08 0.216401 30490.7 36.8 103 .. 7 7.0 
7 0.73799 8.97 0.102266 14407 .. 7 37.1 4lo0 1.6 
9 1.11948 14.12 0.159804 22514 .• 8 34 .. 0 36.8 2.6 70600 

10 1.16938 15.97 0.160255 22578.6 a7-2 37.4 2.6 804.5 
11 1014966 14 .. 42 0.163446 23028.0 o .. 8 77.,7 2.8 571., 6 

mean 
Standard deviation of the mean 

-t.uo 
(28°c) 
j/g CO2 

2403001.i. 
24058.5 
24073.0 
2404906 
24069.2 

2405601 
±7 .. 6 

19~_03.9 
1941906 
19416 .. 9 
1943506 
19428.6 

19h20 .. 9 
±5o4 

\..>J 
i=""" 



Table V. Calorimetric combustion experiments for the dialkylamines 

Expt . Total Mass 6e2 6Rc Q qi qn WC -6U0 

No. of CO2 ( 28°c) (28°c) 
g. j/ohm ohm j j j j j/g CO2 

Dimethyl amine 

1 1,,03421 12.3 o.1i6108 20570.I+ 37.1 77.1 7.3 19775 .l-1-
2 1. 27876 18.9 0.1 0515 25415.7 37.1 89.5 8.9 19769.8 
3 1.20238 17.6 0.169748 23899.5 37.6 92.8 804 19762.0 
4 1.63192 25.9 0.230152 32ko6.o 37.0 94.2 11.3 19770.~ 
5 Oci69374 11.2 0.098086 13 09.3 37.1 53.0 5.4 19768. 

mean 19769.3 
Standard deviation of the mean ±2.2 

Diethylamine 

1 1.82278 16.3 0.224212 31589.7 36.8 60.4 16.4 17260.9 
2 2.20678 21.3 0.270661 38135.i 37.1 31.2 11.9 17238.0 

a 1.9ooi1 16.8 o.2a31ao 32880. 37.0 73.0 15.7 17228.4 
10956 0 19.0 0.2 04 0 33876.8 35.8 70.7 lio7 1724~-3 

5 2.50178 26.3 0.306933 43247.5 37.8 36.4 o.5 1724 .5 
mean 17243.8 
Standard deviation of the mean ±5.4 

\.,.) 
V, 



Table VI . Calorimetric combustion experiments for trialkylamines 

Expt, Total Mass 6e2 6Rc Q qi qn we 
No. of CO2 (28°C) 

g. j/obm ohm j j j j 

Trimethylamine 

1 1042013 11.9 0.185157 26086.4 36.3 38.7 3.9 
2 0.92595 5.5 00120955 17040.3 36.2 48o5 4.2 
3 2.28447 23.1 00297663 41940Qi 37o0 98.o 3.2 
4 2.31427 24.4 0.301545 42487. 36.7 99.7 3.2 
5 1.12783 804 0.147100 20124.1 37.0 37.0 4.1 

mean 
Standard deviation of the mean 

Triethylamine 

1 2022825 15.7 00261943 3690506 4608 35.7 23.3 
2 2.21io1 16.0 0.267478 37685.5 48.1 35. 8 23.6 
3 2.28 22 16.1 0.269229 37932.2 55.7 3508 23.8 
4 2.21951 16.2 0.261270 36810.9 49 .0 36.7 2,.3 
5 2031690 16.0 0.272515 38395.2 55.6 38.4 2 .2 

mean 
Standard deviation of the mean 

-!JUO 
(28°c) 
j/g CO2 

18291.2 
18307.i 
18296. 
18296.9 
18305. 5 

18299.8 
±300 

16515.1 
1652i-5 
1652 08 
16536.i 
16520. 

16524.4 
±3.6 

v.) 

°' 
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bustion with each substance i n its thermodynamic standard 

s tat e . The thermodynamic standard state for the gases 

( oxygen, carbon dioxide, and nitrogen) is defined as unit 

f ugacity, while for liquids (wa.ter) the standard state is the 

pure liquid under a pressure of one atmosphere. fuere 
0 n-hexadecane was used as an auxiliary compound, ~u , the heat 

of combustion of the sample at 28°C, was calculated from the 

equation, 

~u0 (28°C) (sample) = ~u0 (28°C) (over-all-reaction) 

-AU
0 (28°C) (n-hexadecane). 

The heat of combustion of n-hexadecane , 6U
0 (28°C), was taken 

a s -10675.5 kj / mole 27 • 

--



V. DISCUSSION 

A. Conversion to Standard Conditions 

The values of ~u0
(28°C) were reduced to ~H°C(28°C) 

using the r e lation 

0 0 
Li H ( 28°C) = .6( PV) = 6U + 6nRT 

where PV is the pressure-volume correction a pplied i n con­

verting the reaction from constant voluum to constant 

pressure; An, is the number of moles of gaseous product 

formed minus the number of moles of gaseous reactants used; 

R, is the gas constant (8.3149 j/deg. mole), and Tis the 

abso lute temperature (301.16°K). The values of 6 H0 (28°C) so 

obtained were corrected to 25°c. The heat capacities needed 

for the me thylamines we~e obtained from short extrapolations 

of published low-temperature heat data (methylamine
28

, di-
29 30 

methylamine , trimethylamine ). The heat capacities for 

the ethylamines were estimated from the above data and from 

data available for the analogous paraffin hydrocarbon31 • 

Values for co
2

( f,as), N
2

(gas), and H
2
0(liq.) were taken from 

NBS Circular 500. 

The heat of combustion and the heat of formation r e­

ported for the liquid are for the general reactions: 

+ b/2 H
2

0 (liq.) + 1/2 N
2 

(gas ), ( 1) 

38 
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and 

aC (c, ~raphite) + b/2 H
2 

(gas)+ 1/2 N
2 

(gas)= 

( 2) 

The values us ed f or the heat s of vaporization for these 

compounds are summari zed in Tabl e VII. The heats of vapor-

. . f t' 1 28 d. h 1 29 t . th 1 3o d d. ization or me ny - , 1met y - , rime y - , an i-
. 32,33 . 

ethylamine were obtained from direct calorimetric 
34 measurements . These heats of vaporization for ethyl- , and 

· h 1 · 34 , 35 , 36 1 1 d . h h triet y annne were ca cu ate wit t e a pproximate 

Clausi s-Clapyeron equation from vapor pressure data. 

With the exception of trimethylamine and triethylamine, 

the entropy of vapori zation of these compounds at their 

boiling points is approximately 23 e.u. Trimethylamine has 

an ent r opy of vapor ization of 19. 9 e.u. and triethylamine 

20 .5 e .u. In addition, the boiling point of trimethylamine 

is somewhat lower than dimethylamine. This type of behavior 

may be ac counted for on the basis of association of the 

molecule s with one anot her in the li quid phase. Arbuzov and 
37 Katseva , t h ru the measurement of the parachor, have found 

that all pr i mary aliphatic amines are associated in the 

liquid phas e . The de gr ee of association decreases with 

increasing molecular weight. Of the secondary amines only the 

dimethylamine and diet hylamine are a ppre ciably associated. 

Tertiary amines are not appre ciably associated. The 

entropy of vaporization of trimethyl- and tri ethylamine 



Table VII. Heats of vap orization of the amines 

Boiling Point 6Hv 6Sv 6Jiv(25°C) 
OK kcal/mole e,u. kcal/ mole 

ammonia 239073 506 23.3 5ol 

methyl amine 266.84 6.2 23o2 5. 8 

dimethylamine 280o0~ 6.3 22o5 6.o 

trimethylamine 276.03 5.,5 19.9 5 ol 

ethyla.mine 289 .. 7 6.8 23.5 6.7 

diethylamine 328066 7°3 22 .. 2 7p6 

triethyla.mine 361.66 7,4 20.5 8 .. 1 

t 
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is c l os e to that to be expected for a non-associated liquid , 

in contrast to the other amines whi ch have the higher value 

charact eristic of associated liquids s uc h as NH
3

( 23 .28e. u.) 25 

25 
and H

2
0 (26.04e . u .) . Trimet hyl- and tri ethylami ne cannot 

easily form a hydro gen bond between the nitrogen a toms of two 

adja cen t molecule s in t he liquid , a s there i s no hydrogen atom 

dire ctl y attached t o a nitrogen atom to serve a s a r eady 

bonding atom. In additi on, thr ee aliphatic gr oups t end to 

shie l d t he nitrogen a torr:; obstructing any bonding . The other 

amine s have a readily avai lable hydrogen a tom to form this 

bond. Higher primar y and s e condary amines should be l ess 

asso cia t ed because of t h e s t eric shiel ding ef fects of t he 

la.r ~er alkyl gr oups. 

Using t h e heat s of vapori zat ion for the amines (Table VII), 

it i s pos sibl e t o obtain the heat s for the general rea ctions 

simi lar to (1 ) and ( 2 ) involving the gaseous amines . The 

heat s of combus t ion and t he heats of formation for both the 

liquid a nd t he ga s a re summarized in Table VIII. To calculate 

the he a ts of f ormation from the heats of combust i on, the 

va l ue s for the standard entha lpy of formation at 25°C of water 

l iq . ) a nd carbon dioxide (gas) of -68.317 and -94.054 kcal/ 

rrole 25 respe ctively , were used. 

B. Errors 

I n determining the uncertainty to be appli ed to the heat 

of combustion the f ol l owing have been taken into ac count: 

t he statist ical unce r tainty in the ca libration experiments, 
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Table VII I. Heat of combustion and formation of the a.mines 

Amine - 6U0 (28° C) -6Hg(25° C) -6H~(25°C) - fiH 0 (2_5°C) - 6H 0 f( 2_5°C) 
( liquid) (liouid) (liquid) Zgas) (liqui d) 
j/g CO2 kj /mole kcal/mole kcal/mo le kcal/mole 

methyl- 240.56.1 1060.83 253.54 259 .3 11.30 
±7.2 ±0.36 ±0.09 ±0 . 3 ±0 . 09 

dimethyl - 19769.3 1743.5.5 416.71 4.22 0 7 10 . 51 
±2.2 ±0.4.0 ±0.10 ±0 .3 ±0.10 

trimethyl- 18299.8 2421.04 578.64 583.7 10.9.5 
±3.7 ±0.63 ±0.15 ±0.4 ±0.15 

et hyl- 19420.9 1713.37 409.50 416.2 17. 72 
±5oO ±0 • .52 ±0.12 ±0.5 ±0.12 

diethyl- 17243.8 3042042 727.16 734.s 24.80 
±5o9 ±1.14 ±0.27 ±0.6 ±O o27 

triethyl- 16524. Lt 4370.69 1044.62 1052.7 32.02 
±3.6 ±1.14 ±0.27 ±0 06 ±0.27 

- 6H0 f(2_5°C) 
( gas) 

kcal/mole 

.5 . 5 
±0.3 

4.5 
±0 .3 

.5.9 
±0.4 

11.0 
±0.5 

17.2 
±0.6 

23.9 
±o.6 

+­
N 
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statistical uncertainty i n the combustion experiments, an 

uncertainty of O. 01% assigned to the value for the sample of 

benzoi c acid us ed , and an additional systematic error of 

0 0 1%. 
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Be cause the samples used were reasonably pure and the 

amount of reaction was determined by the wei ght of carbon 

dioxide evolved as a result of the combustion, traces of water 

have no measureable effect on the final result. Similarly 

t races of impurities such as the i someric and homologous 

amine s which have heats of combus t ion of the same order of 

magni tude per gram of car bon dioxide have only a second order 

effec t on the final heat of combustion. 

In determining the heat of formation of the gases, an 

error of ±0 .J kcal/mole was assigned to those heats of vapor­

i zation whi ch had been determined calorimetrically. Heats 

of vapori zation ca lcul ated from vapor pressure data were as­

signed an uncertainty of ±0. 5 kcal/mole. 

C. Comparison of Results with Previous Investigations 

The heats of combust i on of the simple aliphatic amines 

we re measured during the period from 1$81 to 1910 by 

J . Thomsen3$, M. Berthelot 39 , 40 , J. A. Muller41 , 42 , and 
43 . Lemoult • These results in general are not self-

consistent and the results from the various investigations 

differ rather markedly. The exper imental details are not 

r eported fully, except in t he case of Thomsen; temperatures 

of the experiru ents are not given, nor are calibration details 



repor t e d . The purities of the compounds used, completeness 

of the re a ction, and th e nature of the reaction products are 

n ot known. Thomsen measured the heats of combustion of the 

amine s in his "Unive r sal Burner". The amine was introduced 

44 

as a gas and burned in an oxygen -rich atmosphere. The amount 

of r eaction was det ermined from the carbon dioxide absorbed 

i n a standard base. Berthelot used a bomb in which the 

l iquid a mine was introduced in a weighed ampoule. The bomb 

wa s filled with oxygen at one atmosphere; the ampoule was 

br oken, and t he amine vaporized and burned as the gas. Lemoult 

and Muller used s ome modification of the method and a pparatus 

a s de scribed by Berthelot. In all of the se experiments it is 

highl y improbable that t he combustion reactions were complete. 

It may be suspected that car bon monoxide and various oxides 

of nitrogen were formed. No check was made for these com­

pounds . 

The data reported by Thomsen were corrected using the 

best present da ta for the molecular weight of carbon dioxide, 

pe cif i c heat of water, and for t he temperature of the 

r e a ction (all d at a were converted to 25°C). Lemoult had cali­

brated his apparatus with naphthalene, using a value for the 

he at of combustion of L}. H = -1238.6 kcal/mole. The data were 
C 

r e calculated using -1231.5 kcal/mole at 25°c44. Similar 

corrections were applied to these results given by Berthelot 

a nd Muller. The corrected values are summarized and compared 

with the results of the present investigation in Table IX. 
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Table I X. Heats of formation a t 2S° C for t he amine s in the ga seous s tate 

Amine Thomsenl Berthe lot2 , 3 Muller4 , .5 Lemoul t6 -ll- This Investigation* 
kcal/mole kcal /mol e kcal/mole kcal/mole kcal/mole 

methyl- - 607 - 3064 - 7 . 9 - 3 o0 -5.5 ±0o3 

dimethyl- -6. 9 +Oo 94 -lo 4 - 3o2 - 4.5 ±0.3 

trimethyl- -7o 4 +l.7 +4 .14 - 12 . 0 - 3o9 - 5 . 9 ±0 . 4 

ethyl- -10.9 -18 .1 - 16 . 9 - 11 . 0 ±0.5 

diethyl- -18o0 -27 ti6 - 23 00 - 11 . 2 ±o.6 

triethyl- -25.0 - 290 6 - 33 .1 - 23 . 9 ±0.6 

*Calculated from data on the heat of combustion of t he liquid. 

~ 
\J"I 
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D. The Average Bond Energy for the C-~i Bond 

The heats of formation of the amines may be used to 

calculate values for the bond energy of the C-N bond , as 

methyl and ethyl gr oups are substituted for the first, second, 

and third hydro gen atoms on the nitrogen atom in ammonia. 

The reaction 

5H(gas ) + C( gas) + N(gas) = CH NH (gas) 
. 3 2 

(3) 

involves the fo~mation of three C-H bonds, two N-H bonds, and 

one C-N bond . Similarly dimethylamine ha s six C-H bonds, one 

N- H bond , and two C-N bonds , and trimet hylamine nine C-H bonds 

and three C- N bonds. For the e t hylamines a similar situation 

exists with the addition of the C-C bond. The heat of re­

a ction (3), and the co rre s ponding reactions for the other 

amines , may be calculated us ing the values 52.089 kcal/mole 25 , 

171 .300 kcal/mole45 '
46

, and 112.95 kcal/mole45 , 46 for the 

hat of fo rmation at 25°C( a H0 f) of H(gas), C(gas), and N(gas), 

respectively, and the heat of formation for the gaseous amine . 
25 

The value for the (C-H) bond was calcula ted from methane to 

be 99 . 5 k ca l/mole, with the assumption that all the C-H bonds 

in methane a r e the s a me. The value of the N-H bond is known 

to differ, depending upon whether it is the first, second or 

third N-H bond on ammonia which is broken. The dissociation 

ene rgy ( ~8n) of the H
2

N-H bond is 104 kcal/mole
5

; that of 

N-H is 87 . 6 kcal/mole47. From these and the heat of formation 

of NH ga s the dis so cia tion energy -NH-His ca lculated as 
3 
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88.2 kcal/mole . With these and the value 79.2 kcal/mole for 

the C-C bond , calculated fro m ethane 25 , it is possible to 

obtain values for the C-N bond, first as methyl groups are 

substituted for the hydr ogens on the ammonia, and then as 

ethyl groups are substituted. The results are given in 

Table X. An example of this type of calculation is given in 

ppendix B. 
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It is observed that the first C-N bond is 5 kcal. stronger 

than the second or third. Moreover, the heat of formation of 

the second and the third bonds is essentially the same, differ­

ing by approximately one kilocalorie. The first C-N bond 

formed is the most stable bond; the stability of the C-N bond 

de creases as two and three are formed on the same nitrogen 

atom . 

In comparing the methylamines with the ethylamines the 

dissociation energies for similar C-N bonds differ by about 

3.7 kcal/mole. This difference may be attributed to the 

difference between the formation of the C-N bond with a prima­

ry carbon atom as in the methylamines and a secondary carbon 

atom as in the ethylamines. 

Energy Increment for -CH - Radical 
2 

In the reactions 

CH NH (gas)+ 2 0 {gas) 
3 2 4 2 

= CO {gas) + 2 H 0 
2 2 2 

1 
(liq.) + 2 N2(gas) ( 4) 



...-

Table X. The energy of dissociation for the C-N bond in the 
methyl- and ethylamines at 25°c. 

Amine D(C-N) Amine D(C-N) tiD( C- N) 
kcal/mole kcal/mole kcal/mole 

methyl- 75.3 ethyl- 79o0 3o7 

dimethyl- 70o4 diethyl- 74.4_ 4.0 
trim.ethyl- 69o0 triethyl- 72.4 3.4 

~ 
~ 
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and 

CH CH NH (gas) + lj O (gas) = 2CO (gas) + 
3 2 2 4 2 2 

2 H O(liq.) + 1 N (gas ) 
2 2 2 2 

( 5) 

it is evident that the reactions are the same with the ex­

cepti on of the presence in reaction (5) of an additional 

methylene group, -CH-. If the heats of the above reactions 
2 

a r e compared, and likewise the heats for the analogous re-

a tions between dimethylamine and diethylamine, in which two 

- CH
2

- groups are involved, and trimethylamine and triethyl­

amine, in which thre e -CH - gr oups must be considered it is 
2 
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ossible to obtain a mean energy increment in the heat of com-

ustion , 6(~Hc), -155.5 kcal/mole per -CH
2

- group in the 

li1u id state at 25°C and -156.5 kcal/mole for the gas state 

nder the same conditions. 

Using the heat of combustion of methylamine (6H0 = 
C 

-253 -5 kcal/mole (liq.) ) and adding the energy increment 

uivalent to t hree -CH
2

- groups (6 (~H) = -466.5 kcal), the 

es imated heat of combustion for butylamine in the liquid 
48 

s ate is -720.5 kcal/mole at 25°C. Fairbrother and Evans 

have r eported a calorimetrically measured value of c:,. He = 

- 721 .4 kcal /mole for the heat of combustion of liquid 

- butylamine . Thus the heat of combustion of n-butylamine 

ma ybe estimated to about 0.1%. Conversely, the value for 

- butylamine may be used to obtain another va lue for the 
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increment , - 155 -9 kcal/mole, which i s close to the va lue re-
28 rorted for the hydroca rbons, -156. 24 kcal/mole • However, 

not too much we i ght can be given, at present, to this value, 

as the experiment a l deta ils of the determination have not been 

repo~ted . If the heat of combusti on of a still higher amine, 

in whi ch the ene r gy of addition of a -CH
2

- group is no longer 

a 1·fec ted by adja cent CH
3

- and NH
2

- groups, beco~es available 

it should be possibl e to make a final ad justment in the value 

or the energy increment fo r t he -CH
2

- group, which will make 

estimate s for ot he r amin e s more exact. In all probability, 

as the chai ns be come longer, the energy increment will become 

equal to t hat found for the hydrocarbons 27 • With the data 

obtaine d in th i s investigation and with the data compiled for 

the paraffin hydroca rbons, it is possible to estimate the 

heats of combu stion and formation for primary, secondary , and 

tertiary amines, for mixed amines, and for amines having side 

chain hydro carbon groups. 

To obtain reliable estimates of heats of combustion for 

arnjnes wi t h one or more secondary or tertiary alkyl groups 

a tached to the ami ne group, it will be necessary to measure 

he he at of combustion of compounds such as isopropylamine , 

bis( isopr opyl)amine, and tertiary-butylamine to determine the 

effect of the branched carbon chain on the C-N bond. Tertiary 

amines wi t h highly branched alkyl groups, such as tris(tert-

. utyl ) amine , should have cons iderably steric strain , and the 

C- N bond should be much weaker. The data reported here, 

howev er, s hould give reliable estimates for the simpler amines. 
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The heat s of combustion of the following amines were 

meas ur ed in t he li quid state with a bomb in an isothermal 

jack ~t ed cal or imeter; met hylamine, dimethylamine, trimethyl­

amine , e t hylamine , d i e thylamine, triethylamine. The purities 

of these co mpounds were determined from measurements of time-

e mpe r a tur e fr ee zing curves . Those compounds which indicated 

an init ial purity of l e ss than 99 .0% were further purified 

by fracti onal crysta llization. The results obtained for the 

s tanda rd heat of combustion ( AH0 c) , in the liquid state at 

25 °c and c onsta nt pr e s sure are: methylamine, -253.54±0.09; 

dima thylamine, -hl6.71±0.10; trimethylamine , -578 .64±0.15; 

~t hylamine , -409.50±0.12; diethylamine, -7 27 .16±0.27; tri­

e t hylarnine , -1044. 62±0. 27 kcal/mole . From these data and 

the heats of vaporization obtained from other sources it 

was pos s i ble to calculate the heat of formation of both the 

1·quid a nd the gas state . 

Using the above data it was possible to calculate an 

enerey i ncrement in the heat of combustion (- t, (D> Hc) ) of 

155 .5 k cal/mole per -CH
2

- group for the liquid state at 25°C 

and 1 56.5 kcal/ mole for the gas state under the same con­

di t i on s . This compares favorably with the value 156.24 kcal/ 

mole f or the liqu i d state which has been obtained from a more 

extensive study of the paraffin hydrocarbons. Comparison of 

v alues obtained by calculation with experimental measurements 

f or n- buty lamine in the liquid state leads to results which 

51 



a~ree to within 0 .1%. 

Values calculated for the C-N bond indicate that the sta­

bili ty of the C-N bond decreases as the number of carbon bonds 

on the nitro~en atom inc ease. In addition the C-N bond 

becomes stronFer by approximately 3.7 kcal when the carbon in 

the C- N bond is changed from a primary to a secondary carbon. 

52 



APPENDIX A. 

C1-1.LCULATI ON OF A TYPICAL COMBU STION ~XPERI MENT 
( ·, thylamine i'xperiment No. 4) 

1. Ca lculation of Corre cted Temperature Rise 

.t 
20 

R 
0 

,,.. = (R20- 't0) 
...;10 20 

3 0 

::; = ( R60 - R 40) 
50 20 

0 10- 50 = k 
1 50 - RlO 

R . 
.) 

l 6u = U 

A = Area 

0 . 096388 n 

0.084714 n. 

0.0005837 .R/min. 

0.317412 Sl. 

0.315169 Sl. 

0.0001122 .Q/min. 

0.002089 min. 

0 . 366972 0-

0. 0000063 9-/min. 

0.000101 Sl. 

1. 090952 SL/min. 
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Temperature a t the 
twentieth minute. 

Temperature at the 
zero minute. 

Rate of temperature 
rise , 0-20 minutes. 

Temperature at the 
sixtieth minute. 

Temperature at the 
fortieth minute. 

Rate of temperature 
rise, 40-60 minutes. 

Radiation Factor 

Temperature of calo­
imeter jacket. 

Energy rate due to 
stirring. 

Temperature rise due 
to stirring for the 
reaction period. 

Area bounded by 
T

20
, T

36
, temperature 

of the jacket, and 
reaction curve. Ob­
tained by numerical 
integration of R-t 
curve during the re­
action period. 



k ( ll.rea) ::: K 
0.002279Jl 

0.2164-01 .sl 

Energy due to radi­
tion during the 
reaction period. 

Corrected temperature 
rise. 

2. 
Q§.lcula tion of Ratio and Correction Factors for Ni tric 
Acid and the Iron Wire. 

Weight of bulb and sample 
W· eight of bulb 

Weig' 
nt of sample= s 

(Va 
cuum factor) x (S) = S' 

( co fact ) 
2 or x (S') = Theoretical CO 

2 

Weight 
before of carbon dioxide absorption tube 

the experiment 
Wei h 
aft g t of carbon dioxide absorption tube 

er the experiment 
We· 

l ght of CO absorbed= CO' 
2 2 

9-92812 g 

9.12898 g 

0.79914- g 

0. 80042 g 

1.56267 g 

6.33367 g 

/+.76973 g 

l.563 94 g 

(Vacu 
um factor) x (CO ') 

2 

Ratio::: co (A)/co 

= experimental C02(A) l.56378 g 

1.00071 g 

2 2 

Weio-ht of . n 
~ iron wire before combustio 

Weio-ht . 
~ of iron wire after combus tion 

Wei g ht . 
- of iron wire used = WF 

W e 
b ~o oo 6 . s of cali-.['e • 4 0 = Iron wire in exce~ . (W' ) 

bration bomb conditions Fe 

0.00490 g 

0.00000 g 

0.00490 g 

0.00030 g 
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75dO ) ( •J t ) 
· F == heat due to excess 

e iron wire (q'i) 
l 

- i + 34 . 5 == heat due to combustion of 
iron wire (qi) 

S? B j /meq . dilute HN0J x 

. ,!aOH x ml(NaOH ) == heat due to formation of 
nitric acid as a result 
of the combustion of 
N2 ( qn ) 

2.25 j 

J6.75 j 

l0J.71 j 

3 
• .Q_alculation of heat of Combustion ( 28°C) per gram 

.Qf Carbon Dioxide. 
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1 / 2 ( l + R ) == Rm 
20 36 0. 2058n. Mean temperature of 

the calorimeter 
experiment. 

- - 0 . 2179 == 

O.J693_q == 
36 

Deviation 

L • 6 ( R - 0 . 2179 ) 
m 

( Cv ) x (1•.1Iass of gl as s) 

Cv) x (Mass of sample) 

-0.0121 n. 

0.0541 n.. 

0.67 j/_rr 

-o. 54 j/n 

O.J8 j/_n_ 

22. 57 j/_rr_ 

Correction to cali­
bration mean 
temperature. 

Correction to cali­
bration final 
temperature. 

Correction due to 
any changes in the 
system. 

Correction to adjust 
mean temperature of 
the combustion ex­
periment to the 
calibration mean 
temperature. 

Correction for the 
glass used in excess 
of the calibration 
bomb condit ions. 

Correction due to 
the specific heat 
of the sample. 



e ( j oules) 
2 

s 

E + e = E' 
s 2 s 

( R ) ( E ' ) = Q 
C s 

qn 

q . 
1 

w 
C 

Q. 
J. 

Q. /co A 
J. 2 

Cv(0.3693-RJ6) 

u0 28°C/gco2 

23 .08 j/SL 

140875.92 j/_n__ 

140899.00 j/..fL 

30,490.68 j 

-103.71 j 

-36.75 j 

-7.01 j 

30343. 21 j 

19403.76 j/gC0
2 

0.11 j/gco2 

19403.87 j/gC02 

Summation of 
correction. 

Energy equivalent 
of standard system 
in ~oules per ohm. 

Corrected energy 
equivalent. 

Total energy due 
to combustion. 
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Co r rection for 
fo r mation of nitric 
acid. 

Correction for 
combustion of iron 
wire. 

Washburn correction. 

Corrected energy 
due to combustion. 

Heat of combustion 
per gram of co

2
• 

Correction to 
calibration final 
temperature. 

Heat of combustion 
at 28°C at constant 
volume. 



APP2:NDI X B. 

CALCULi:.TION OF TH• .t!,NZ~GY FOR THE C- N BOND FOR 

CH
3

NH
2 

AT 25° C 

The heat of a t omiza t i on of NH
3 

i s given by: 

NH
3

(gas ) = N( gas ) + JH (gas ) 

AH
1 

= £i Hf( N, gas) '45 , 46 + 3bHf(H, gas )25 

-6. Hf (NH
3

, gas )25 

DHl = 280.25 kca l/mole. 

(1) 

Success ive di ssoc i a tion energie s f or the N-H bonds are: 

NH (ga s) = NH (gas)+ H( gas) 
3 2 
~ H = 104 kcal/mole 5 

2 

NH( gas) = N( gas) + H( gas) 

A H
3 

= 87. 6 kcal/mole47 

NH
2

(gas) = NH( gas) + H( gas) 

D H4 = .6 H - .6 H - .o H 
1 2 3 

D H 
4 

= 88. 6 kca l/mole 

For t he rea ct ion: 

CH
4

(gas) = C( gas) + 4H( gas) 

AH5 = DHf(C, gas) 25 + 4c.Hf(H, gas) 25 

- 6Hf(CH
4

, gas) 25 

57 

(2) 

(3) 

( 4) 

( 5) 



I -

4 H
5 

= 397.54 kcal/mole 

From this the average dissociation energy for the 

C- H bond is: 

A H = 99. 39 kcal/mole . 
(C-H) 

For the reaction in which cH
3

NH
2

(gas) is formed from 

i s elements: 

5H(gas) + C(gas) + N(gas) = CH NH (gas) 
3 2 

..6. H6 = ..c. Hf(CH NH , gas) - 5Li Hf(H,gas)
25 

3 2 
- 4 Hf(C,gas)25 - 6 Hf(N, gas)25 

6 H
6 

= -549-74 kcal/mole. 

Methylamine contains three C-H bonds , two N- H bonds, 

ad a single C-N bond . 

.e::. H( C-N) = - AH6 + 3AH + AH + A H ( C-H) 3 4 

6 H(C-N) = 75.33 kcal/mole. 

( 6) 
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