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bustion with each substance in its thermodynamic standard
state. The thermodynamic standard state for the gases
(oxygen, carbon dioxide, and nitrogen) is defined as unit
fugacity, while for liquids (water) the standard state is the
pure liquid under a pressure of one atmosphere. Where
n-hexadecane was used as an auxiliary compound, AUO, the heat
of combustion of the sample at 28°C, was calculated from the

equation,
al®(28°¢c) (sample) = aU®(28°C) (over-all-reaction)
-aU%(28°C) (n-hexadecane).

The heat of combustion of n-hexadecane, aU°(28°C), was taken

as -10675.5 kj/mole27.



V. DISCUSSION

A. Conversion to Standard Conditions

The values of AU0(28°C) were reduced to AHOC(28°C)

using the relation
o) - 0
AH (28°C) = A(PV) = AU~ + anRT

where PV is the pressure-volume correction applied in 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 T is the
absolute temperature (301.16°K). The values ofz;H°(28°C) S0
obtained were corrected to 25°C. The heat capacities needed
for the methylamines were obtained from short extrapolations
of published low-temperature heat data (methylaminezg, di-
methylaminezg, trimethylamineBo). The heat capacities for
the ethylamines were estimated from the above data and from
data available for the analogous paraffin hydrocarbonBl.
Values for COz(gas), Nz(gas), and H20(liq.) were taken from
NBS Circular 500.

The heat of combustion and the heat of formation re-

ported for the liquid are for the general reactions:

C HpN (lig.) + (a+b/4) 0, (gas) = aco, (gas)

+ b/2 H,0 (liq.) + 1/2 N, (gas), (1)
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and
aC (c, sraphite) + b/2 H2 (gas) + 1/2 N2 (gas) =

C H N (liq.
Sl (lig.) (2)
The values used for the heats of vaporization for these
compounds are summarized in Table VII. The heats of vapor-
8 2 .
ization for methy1-2 , dimethyl- 9, trlmethyl-BO, and di-
e
ethylamine3 33 were obtained from direct calorimetric

34

measurements. These heats of vaporization for ethyl-"", and

34,35,36
W

triethylamine ere calculated with the approximate
Clausis-Clapyeron equation from vapor pressure data.

With the exception of trimethylamine and triethylamine,
the entropy of vaporization of these compounds at their
boiling points is approximately 23 e.u. Trimethylamine has
an entropy of vaporization 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 accounted for on the basis of association of the
molecules with one another in the liquid phase. Arbuzov and
Katsev337, thru the measurement of the parachor, have found

that all primary aliphatic amines are associated in the

liquid phase. The degree of association decreases with

increasing molecular weight. Of the secondary amines only the

dimethylamine and diethylamine are appreciably associated.
Tertiary amines are not appreciably associated. The

entropy of vaporization of trimethyl- and triethylamine



Table VII.

ammonia
methylamine
dimethylamine
trimethylamine
ethylamine
diethylamine

triethylamine

Boiligﬁ Point
239+73
266.8L
280,0L
276.03
289.7
328,66
361,66

AEy
keal/mole

5.6
6.2
6.3
55
6.8
7.3
7.4

Heats of vaporization of the amines

23.3
2302
2245
19.9

nN o n
(@ V]
. °
\nnoon

ekl mose
5.1
5.8
6,0
Sel
6.7
Teb
8.1

oY
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is close to that to be expected for a non-associated liquid,
in contrast to the other amines which have the higher value
characteristic of associated liquids such as NH3(23.28e.u.)25
and H20(26.Ohe.u.)25. Trimethyl- and triethylamine cannot
casily form a hydrogen bond between the nitrogen atoms of two
ad jacent molecules in the liquid, as there is no hydrogen atom
directly attached to a nitrogen atom to serve as a ready
bonding atom. In addition, three aliphatic groups tend to
shield the nitrogen atom obstructing any bonding. The other
amines have a readily available hydrogen atom to form this
bond. Higher primary and secondary amines should be less
associated because of the steric shielding effects of the
larger alkyl groups.

Using the heats of vaporization for the amines (Table VII),
it is possible to obtain the heats for the general reactions
similar to (1) and (2) involving the gaseous amines. The
heats of combustion and the heats of formation for both the
liquid and the gas are summarized in Table VIII. To calculate
the heats of formation from the heats of combustion, the
values for the standard enthalpy of formation at 25°C of water
(liq.) and carbon dioxide (gas) of -68.317 and -94.054 kcal/

o

mole respectively, were used.

B. Errors

In determining the uncertainty to be applied to the heat

of combustion the following have been taken into account:

the statistical uncertainty in the calibration experiments,



Teble VIII. Heat of combustion and formation of the amines

Amine -AU® (28°C) -AH3(25°C)  -AH3(25°C)  -AHS(25°C)  -AHOF(25°C) -AHOF(25°C)
(1iquid)  (1iquia) (11iquid) (gas) (1iquid) (cas)

i/g COp kj/mole kcal/mole kcal/mole kcal/mole kcal/mole
methyl- 21056.1 1060,83 253,5) 259.3 11.30 g, 8
7.2 +0, 36 0,09 0.3 +0,09 +0,3
dimethyl- 19769.3 1743455 L16.71 L22.7 10.51 o5
2 42 +0.40 0,10 0,3 0,10 0.3
trimethyl-  18299.8 21121,0L 578.6L 58347 10.95 59
13,7 10,63 10,15 0.4 0,15 +0,.U
ethyl- 191,20.9 1713.37 109.50 L16,2 17.72 11.0
+5,0 10,52 +0.12 0.5 £0,12 +0,5
diethyl'- 172)-].3.8 301{.20[{-2 27 16 73)-[..8 2’.{.0 80 17«2
+5,9 +1,1L +0,27 10,6 +0,27 +0,6
triethyl- 1652l .13 4370.69 104,62 1052.7 32.02 23,9
+3,6 +1,10 +0,27 30,6 0,27 +006

A |
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statistical uncertainty in the combustion experiments, an
uncertainty of 0.01% assigned to the value for the sample of
benzoic acid used, and an additional systematic error of
0.01%.

Because the samples used were reasonably pure and the
amount of reaction was determined by the weight of carbon
dioxide evolved as a result of the combustion, traces of water
have no measureable effect on the final result. Similarly
traces of impurities such as the isomeric and homologous
amines which have heats of combustion of the same order of
magnitude per gram of carbon dioxide have only a second order
effect on the final heat of combustion.

In determining the heat of formation of the gases, an
error of #0.3 kcal/mole was assigned to those heats of vapor-
ization which had been determined calorimetrically. Heats
of vaporization calculated from vapor pressure data were as-

signed an uncertainty of #0.5 kcal/mole.

C. Comparison of Results with Previous Investigations

The heats of combustion of the simple aliphatic amines
were measured during the period from 1881 to 1910 by
J. Thomsen38, M. Bertheloth’hO, J. A. Mullerhl’hz, and
| LemoulthB. These results in general are not self-
consistent and the results from the various investigations
differ rather markedly. The experimental details are not

reported fully, except in the case of Thomsen; temperatures

of the experiments are not given, nor are calibration details
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reported. The purities of the compounds used, completeness
of the reaction, and the nature of the reaction products are
not known. Thomsen measured the heats of combustion of the
amines in his "Universal Burner". The amine was introduced
as a gas and burned in an oxygen-rich atmosphere. The amount
of reaction was determined from the carbon dioxide absorbed
in a standard base. Berthelot used a bomb in which the
liguid amine was introduced in a weighed ampoule. The bomb
was filled with oxygen at one atmosphere; the ampoule was
broken, and the amine vaporized and burned as the gas. Lemoult
and Muller used some modification of the method and apparatus
as described by Berthelot. 1In all of these experiments it is
nighly improbable that the combustion reactions were complete.
It may be suspected that carbon 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 data for the molecular weight of carbon dioxide,
specific heat of water, and for the temperature of the
reaction (all data were converted to 25°C). Lemoult had cali-
brated his apparatus with naphthalene, using a value for the
heat of combustion of AHC = -1238.6 kcal/mole. The data were
recalculated using -1231.5 kcal/mole at 25°C”""'. Similar
corrections were applied to these results given by Berthelot
and Muller. The corrected values are summarized and compared

with the results of the present investigation in Table IX.



Table IX. Heats of formation at 25°C for the amines in the gaseous state

Amine Thomsenl  BerthelotZ:3 Muller’-“5 Lemoult®™  This Investigation™

kcel/mole  kcal/mole keel/mole kcal/mole keel/mole
methyl- 6.7 3.6t 279 - -5.5 30,3
dimethyl- &4 40,94 1.l 57,2 loS 0.3
trimethyl- ~Tolt 41,7 +Ho1lk 12,0 -3,9 -5.9 0.l
ethyl- -10.9 -18.1 -16.9 -11.0 #0,5
diethyl- -18.0 -27.6 -23.0 ~17.2 0.6
triethyl- -25.0 -29.6 -33.1 -23,9 0.6

¥Calculated from data on the heat of combustion of the liquid.

o
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D. The Average Bond Energy for the C-N 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 groups are substituted for the first, second,
and third hydrogen atoms on the nitrogen atom in ammonia.

The reaction
5H(gas) + C(gas) + N(gas) = CHBNHz(gaS) (3)

involves the formation of three C-H bonds, two N-H bonds, and
one C-N bond. Similarly dimethylamine has six C-H bonds, one
N-H bond, and two C-N bonds, and trimethylamine nine C-H bonds
and three C-N bonds. For the ethylamines a similar situation
exists with the addition of the C-C bond. The heat of re-
action (3), and the corresponding reactions for the other

25

amines, may be calculated using the values 52,089 kcal/mole””,

h5,h6, and 112.95 kcal/molel*S’l+6 for the

171.300 kcal/mole
heat of formation at 25°C(AH°f) of H(gas), C(gas), and N(gas),
respectively, and the heat of formation for the gaseous amine.
The value for the (C-H) bond was calculated from methane25 to
be 99.5 kcal/mole, with the assumption that all the C-H bonds
in methane are the same. 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
energy (AHD) of the H2N-H bond is 104 kcal/moles; that of

N-H is 87.6 kcal/moleh7. From these and the heat of formation

of NH3 zas the dissociation energy -NH-H is calculated as
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88.2 kcal/mole. With these and the value 79.2 kcal/mole for
the C-C bond, calculated from ethanezs, it is possible to
obtain values for the C-N bond, first as methyl groups are
substituted for the hydrogens 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
Appendix B.

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
decreases as two and three are formed on the same nitrogen
atormi.

In comparing the methylamines with the ethylamines the
dissociation energies for simiiar 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.

E. Energy Increment for -CH2— Radical
In the reactions

CH NH (gas) + 2 0 = €O +2HO
5 2(gas) . 2(gaS) 2(e;aS) 2

(lig.) + % N, (gas) (4)



Table

Amine

methyl-
dimethyl-
trimethyl-

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

D(C=K) Amine D(C=-N) AD(C=N)
kcal/mole kecal/mole kcal/mole
752 ethyl- 79,0 3.7
70«;}4. diethyl- 7)4.0!.] LL.O
69,0 triethyl- T2.1 alt

8M
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and

CH _CH NH 15 -
3¢, 2(gas) + . Oz(gas) 2002(gas) +

Z H 0(liq.) + L N (gas) (5)
2 2 2 2

it is evident that the reactions are the same with the ex-
ception of the presence in reaction (5) of an additional
methylene group, -CHZ-. If the heats of the above reactions
are compared, and likewise the heats for the analogous re-
actions between dimethylamine and diethylamine, in which two
-CHZ— groups are involved, and trimethylamine and triethyl-
amine, in which three -CH2— groups must be considered it is
possible to obtain a mean energy increment in the heat of com-
bustion, alaH_), =155.5 kcal/mole per ~CH,~ group in the
liquid state at 25°C and -156.5 kcal/mole for the gas state
under the same conditions.

Using the heat of combustion of methylamine (AHoc =
-253.5 kcal/mole (liq.) ) and adding the energy increment
equivalent to three -CH2- groups (a(aH) = =466.5 kcal), the
estimated heat of combustion for butylamine in the liquid
state is =720.5 kcal/mole at 25°C. Fairbrother and EvamslP
have reported a calorimetrically measured value ofch =
-721.) kcal/mole for the heat of combustion of liquid
n-butylamine. Thus the heat of combustion of n-butylamine
maybe estimated to about 0.1%. Conversely, the value for

n-butylamine may be used to obtain another value for the
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increment, -155.9 kcal/mole, which is close to the value re-
ported for the hydrocarbons, =-156.24 kcal/molezs. However,

not too much weight can be given, at present, to this value,
as the experimental details of the determination have not been
reported. If the heat of combustion of a still higher amine,
in which the energy of addition of a -CHZ- group is no longer

aifected by adjacent CH,- and NH2— groups, becomes available

3
it should be possible to make a final adjustment in the value
f'or the energy increment for the —CH2- group, which will make
estimates for other amines more exact. In all probability,
2s the chains become longer, the energy increment will become
equal to that found for the hydrocarbon327. With the data
obtained in this investigation and with the data compiled for
the paraffin hydrocarbons, it is possible to estimate the
heats of combustion and formation for primary, secondary, and
tertiary amines, for mixed amines, and for amines having side
chain hydrocarbon groups.

To obtain reliable estimates of heats of combustion for
amines with one or more secondary or tertiary alkyl groups
attached to the amine group, it will be necessary to measure
the heat of combustion of compounds such as isopropylamine,
vis(isopropyl)amine, and tertiary-butylamine to determine the
effect of the branched carbon chain on the C-N bond. Tertiary
amines with highly branched alkyl groups, such as tris(tert-
butyl)amine, should have considerably steric strain, and the

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

however, should give reliable estimates for the simpler amines.



VI. OSUMMARY

The heats of combustion of the following amines were
measured in the liquid state with a bomb in an isothermal
jacketed calorimeter; methylamine, dimethylamine, trimethyl-
amine, ethylamine, diethylamine, triethylamine. The purities
of these compounds were determined from measurements of time-
temperature freezing curves. Thosecompounds which indicated
an initial purity of less than 99.0% were further purified
by fractional crystallization. The results obtained for the
standard heat of combustion (AHOC), in the liquid state at
25°C and constant pressure are: methylamine, -253.54%0.09;
dimethylamine, -416.71%+0.10; trimethylamine, -578.64%0.15;
sthylamine, =409.50%0.12; diethylamine, -727.16+0.27; tri-
ethylamine, =-1044.62+0.27 kcal/mole. From these data and
the heats of vaporization obtained from other sources it
was possible to calculate the heat of formation of both the
liquid and the gas state.

Using the above data it was possible to calculate an
energy increment in the heat of combustion (-A(AHC) ) of
155.5 kcal/mole per -CH - group for the liquid state at 25°C
and 156.5 kcal/mole for the gas state under the same con-
ditions. This compares favorably with the value 156.24 kcal/
mole for the liquid state which has been obtained from a more
extensive study of the paraffin hydrocarbons. Comparison of
values obtained by calculation with experimental measurements

for n-butylamine in the liquid state leads to results which

51
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arree to within 0.1%.

Values calculated for the C-N bond indicate that the sta-
bility of the C-N bond decreases as the number of carbon bonds
on the nitrogen atom increase. In addition the C-N bond
becomes stronger by approximately 3.7 kcal when the carbon in

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

CALCULATION OF A TYPICAL COMBUSTION EXPERIMENT
(Athylamine Experiment No. 4)

1. Calculation of Corrected Temperature Rise

20
= (*20-"0)
10D 50
60
L0
‘ N (Réo-RAO)
50 2
10-550 = k
50-"110
3
= ~k(R.-R
S50 K ( j 50)
6bu = U
= Area

0.096388

0.084714 a

0.0005837 o /min.
0.317412
0.315169 L
0.0001122 Q/min.

0.002089 min.

0.366972
0.0000063 9/min.

0.000101 S

1.000952 </min.
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Temperature at 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
T20’ T.,,, temperature

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



k(:
(ﬂrea) =K 0.002279 o Energy due to radi-
tion during the
reaction period.

Corrected temperature

Ro¢-R
=~ -U_K =
36 g R, 0.216401 sl

Calculation of Ratio and Correction Factors for Nitric

2.
Acid and the Iron Wire.

Weight, of bulb and sample 9.92812 g
eight of bulp 9.12898 g
Weignt of sample = § 0.79914 g
(Vacuu_m factor) x (5) = s 0.80042 g
(CozfaCtOP) X (8') = Theoretical 00, 1.56267 g
Wei '

Eht of carpon dioxide absorption tube

= f ecarb dioxide absorption tube
Aftep the expeg?me;SXI : 4.76973 g
1 . 1) 1.56378 g
(Vacuum factor) x (Cozv) = experlmental COZ(A) 563
Rati, 1.00071 g
= CO_(4)/co
2( Y/ A

Wej , 0.00490 g
Velght of iron wire before combustion
Wej ) 0.00000 g

t&ht of iron wire after combustion
Weip 0.00490 g

ght op iron wire used = WFe

0.00030 g

WFG‘O‘OOhéo = Iron wire in excess of C?ﬁf- )
bration bomb conditions Fe



P ke
L 4 ;\)()) (',".I'

) = ha
Fe heat due to excess

iron wire (q'i)

SR

3

57-9 7
J/meq. dilute HNO3 x

PN

T o / =
1 34.5 = heat due to combustion of
iron wire (qi)
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2.25 3

36.75 3§

Naog * Mm1(NaOH) = heat due to formation of
nitric acid as a result
of' the combustion of

Nz(qn)

103.71 j

3 Calculation of heat of Combustion (28°C) per gram

of Carbon Dioxide.

Rm~ﬂ.2179 =
0.3693 =
>093 «{36

Jeviation

Z'/’f'c F I -
' >(%m 0.2179)

(Cv) x (Mass of glass)

(C,) x (Mass of sample)

0.2058 a

-0.0121 o

0.0541

0.67 j/a

-0.54 j/a

0.38 j/a

22.57 i/a

Mean temperature of
the calorimeter
experiment.

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 conditions.

Correction due to
the specific heat
of the sample.
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Qi/COZA

¢, (0.3693-Ry¢)

U°28°C/g002

23.08 j/o

140875.92 i/a

140899.00 3/a
30,490.68 j

~103.71 j
-36075 j

30343.21 j
19403.76 j/gCO2

0.11 j/gco2

19403 .87 j/gCo2
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Summation of
correction.

Energy equivalent
of standard system
in joules per ohm.

Corrected energy
equivalent.

Total energy due
to combustion.

Correction for
formation of nitric
acid.

Correction for
combustion of iron
wire.

Washburn correction.

Corrected energy
due to combustion.

Heat of combustion
per gram of COZ'

Correction to
calibration final
temperature.

Heat of combustion
at 28°C at constant
volume.



APPENDIX B.

CALCULATION OF THE ENZRGY FOR THE C-N BOND FOR

CH_NH AT 25°C
3iH, AT 25

The heat of atomization of NH3 is given by:

NHB(gas) = N(gas) + 3H(gas) (1)

aH, = AHf(N,gas)1'5’1'*6 + BAHf(H,gas)25

1

~aHf (NH_ ,gas)??

3

aH; = 280.25 kcal/mole.

Successive dissociation energies for the N-H bonds are:

NHB(gas) = NHz(gas) + H(gas) (2)
z;HZ = 104 kcal/mole5
NH(gas) = N(gas) + H(gas) (3)
z;HB = 87.6 kcal/molel'7
NHz(gas) = NH(gas) + H(gas) (&)

H =sH, -aH -oH
AhAlAZAB

88.6 kcal/mole

AHA

For the reaction:

CHh(gas) = C(gas) + LH(gas) (5)

,AH5 =‘AHf(C,gas)25 + hAHf(H,gaS)25

_AHf(CHh,gas)25

57



AH5 = 397.54 kcal/mole

From this the average dissociation energy for the
C~H bond is:

H = . kcal/mole.
al o gy = 99-39 2

For the reaction in which CH NHz(gaS) is formed from

3

its elements:

5H(gas) + C(gas) + N(gas) = CHBNHZ(gaS)

25
aH =AHf(CH3NH2,gas) - 5aHf(H,gas)

-AHf(C,gas)25 -stf(N;gaS)zs
aHg = =549.7k kcal/mole.
Methylamine contains three C-H bonds, two N-H bonds,
and a single C-N bond.

= - H + H
aHoaw) T el T ey TG T

AH oy = 75.33 kcal/mole.
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