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Heats of Combustion and Formation of Liquid
Ethylenimine
Raymond A. Nelson and Ralph 5. Jessup

The hest of combustion of ethylenimine was measured at 28°C in & bomb calarimeter.
rimental dats vielded the value —AH?=14891.261 0,57 kilojoules mole for the

hest of combuatfon at 25°C, the resctants being ligeid ethylenimine an
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ui carbon dioxide, gaseous nitrogen, and liquid weter.
dats on tho heats of formation of peseous earbon dioxide and

liquid water, the value A =911 +0.59 kilojoules par mole was ohtained for the heat of

formation af lignid ethylenimine ay 25°0.
1. Introduction

No date on the heats of combuation and formation
of ethylenimine have been found in the literature.
This paper describes measurements of the heat of
gombustion of the liguid by mennz of & bomb ealo-
rimeter. The result of these Ineasuretients was com-
bined with walues for the heats of formation of
gazsouad carbon dioxide and liguid water to ohtain
a value for the heat of formation of lquid eth-

yienimine.
2. Material

The ethylenimine used in this investigation had
been purified by tripla distillation, and was believed
by the menufacturer ¢ be about 99.9 percent pure,
tge most likely impurities being water and poly-
merization products [1]°  This estimate was based
on the fact that the temperafure range during the
third distillation was gero within the precision of the
measurement {£0.1 deg C). No further test of
purity was moade. The results of determining the
amount of carbon dioxide formed in ecmbusticn of
weighed samples of the liquid (see scction 5) indi-
cated that inert impurity probably amounted to
ahout 0.07 pereent. Inert mpurity would have no
appreciable effect on the reanlts reported,

he material waa received in sealed glass bulhba,
each containing ahout 5 g of liquid and s pellet of
podium hydroxide to ahbsork any ecarhon dioxide
that might he present. According to [2], cthyleni-
mine - will keepr indefinitely if carbon diexide s
excluded.

SBamples of about 1 g each of ethylenimine were
prepared for combustion in the bomb by sealing them
mn thin-walled glass bulbs, which were fattened on
opposite sides and flled completely with the liquid
[3, 4, 5]. In preparation for filling these bulbs, a
containgr in which the ethylenimine wasz recaived
waa opened and the contents poured into a small
beaker that contained n pellet of sodium hydroxida.
‘The stems of several weighed glass bulbs were then
mmmersed m the iguid in this beaker, and the whala
apparatus was placed in a vacuum desiceator. Tha
bulba were filled by alternateiy reducing the pressure
in the desiceator and admitting air to bring the
pressure back to atmospheric. The air admitted

1 Flgores in braekets Indhaate the literators references af o end of this papar,

during this process was passed through an absorp-
tion tube containing Ascarite to remove carbon diox-
ide. Becanse of the high volatility of ethylenimine,
the bulbs were filled completely by this process, and
it was not necessary to heat t{em to expel the last
trnces of air, a8 would he the case for & much less
volatile liguid.

After the bulbs {amd stems) were completely
filled, the liquid was partially removed frotn the
stems by heating these stems and bwiling out a part
of the liquid. e remainder of the liquid in each
gtem was then drawn into the bulb by cooling the
bulb with ice, snd the stem was removed by seali
off near tha bulb with a hot flarne. Tt was obeerve
that the part of each stemn that was heated to boil
out the liguid was slightly discolored, either hy
decomposition products or by etchiog of the plasa.
No such effect was obzerved, however, in the neigh-
borhood of the point at which the stem was sealed
off from the bulh, and no evidence of decomposition
of the liquid in the bulb was observed.

3. Apparatus and Method

The calorimeter system and the experimental
E{Ecedum have been described previously [4, 6, 7].

e bomb used was made of tlium and bad & capac-
ity of 381 ml. One millilitor of water was placed in
the bomb before cach experiment.  Tho experimental
E%E"u%a are referred to & resction tempersture of

The mass of the sample burned was determined
by weighing, and the maes of carbon dioxide formed
in the combustion was determined by abeorbing it
in Ascaritc and w iﬁhmg The apperatus used for
the absorption of the carbon dioxide is similar to
that described by Prosen and Rossini [8], except that
no provision was made to oxidize the products of
incomplete eombustion and absorb the resulfing
carbon dioxide. Instead, % test for carbon meonoxide
was made on the gascous prodacts of each experi-
ment after the carbon dioxide bad been absorbed,
using a colorimetrie method developed at the Bureau
9]. In every case where carbon monoxide was
'ound, unburned carbon was also found in the bomb
und the experiment was discarded. The results
reported in section 5 are all based upon determina-
tion of tha amcunt ¢f the reaction from the mass of
carben dioxide formed in combustion.
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The observed heat of combustion in sach experi-
ment was corrected for heat of stirring and heai
transfer between calorimeter snd surroundings, for
the energy used to ignite the charge, and for the

produeced by the formation of nitric aeid in
the bomb. A wvalue of 59.2 kjfmole [31] was used
in correcting for the formation {at 28° C} of aqueous
mitric aeid (ghout 0.25 molar} during the combustion,
This correction smounted, on the average, to 0.37
R‘em&nt of the total heat produced hy the combuation.

he mLmFen in the nitnc acid represented about 10
percent of the total nitrogen in the sampla,

It was assumed that all the oxidized nitrogen in
the homb was completely converted to nitric acid,
Tesata for the presence of fixed nitrogen in the bomb
guses were made by passing the gases through a
serubbing column conteining & so um hydroxide
eolution and testing this solution for the presenca of
nitrites and nitrates, No indication of sodium
nitrite or eodium nitrate in this echotion was found
by tests sensitive to 0.01 mg of either,

The observed hent of combustion, —AlTs, under
the conditions of the bomb process in each experi-
ment was reduced to the value of — AT, the decreasze
in intringic energy accompanying the reaction

CHN(ig)+2 0,0 =2C0(g)+5 Nolg)+3 H:0(liq)
(1)

with each of the reactants and products in its thermo-
dynamic standard state, This was dono in accord-
ance with the Washburn proceduore [10], modified a0
as to apply to-28° C and to the energy content of the
gases at zero pressure instead of 1 atm.

The measurements were made in terms of the abao~
lute joule &s the unit of ener Clonversion to the
conventional thermochemical calorie was made hy
uge of the relation 1 cal=4.1840 abs i,

4, Calibration of Calorimeter

The calorimeter was calibrated with NBS stand-
ard Sample 39g of benzoic acid, vsing for the heat of
combustion of this material the value 26 433.8 abs
jfg under the standard conditions of the bomb proc-
ess. The mean of the results of seven calibration
eXperiments cov: the temperaiure range 25.1° to
28.0° C i3 13933.1 jideg C, and the standard devia-
tion of thm HEan valua ie ;|:1 0 jideg C.

5. Results

The resultz of measurements of the heat of com-
bustion are given in table 1, where —ATlg is the
observed heat of combustion under the conditions
Eemﬁﬂd hy the volume of the bomb (0.381 liter),

e mass (1 tg} of water placed in the homb st the

each experiment, the tomperature
{23" G} to which the combustion reaction is referred,
and the data ven in columng 1 and 2 of the tnb[e
and where — AU, represents the daecreasa in intrinsic
ENETEY aocumpa.n;fmg reaction {1} when the resct-

ants and produces .ave all in thetr thermodynamic
standard states at 28% O,

TasLs 1. Summary of erperimenial doda
Eneegy of ocm bostlon at 38 O
mnlteal O | .
Masof | mrasste wt | Mass of COs
O —aUs s
T e g Ma Cy Mo COp
0. 8801 = 1. 75M6E 16T ¢ 16067, K
[ UL i L Hwe 18341, 1 1874, 1
I B 3240 1. B5411 1808, B INET, B
| BENZ B2 L #8515 18074, 4 16074 8
. A o 1. 3451 1809 | 18y, &
BT azi [ ] 18067, 7 15083, 1
By, ... 180 &
Hrandard deviaton of mean. . ______..__ =& 3 (D.0IER}

The volues obtained for the triaas of carbon dioxida
formed io comhustion, which is taken as the measure
of the amount of the reaction, are lower than the
corresponding  valuse caloulated stoichiometrically
from the mass of tha sample burned on the basis that
the eample iz all C,HJE The sverage differenca
between observed and calculated msss of carbon
dioxide iz 0.07 percent. The carbon dicxide ab
tion apparatus was checked before and after this
work with Standard Sample 39 of benzoie acid and
fournd to yield experimental results that checked
the caleulated values to better then 0.01 percent.
No evidence of incomplete combustion was found in
any of the experiments listed in table 1. It was
assumed that the difference between the observed
and calculated masscs of carbon dioxide when ethyl-
enimine was burned was due bto inert impueity,
probably dissolved air or water.

In table 2 are given values of heat of combustion
and heat of formation per mola of ethylenimine
calculated from the mean value reporied in table 1
on the hasis that 2 moles (38.020 g} of carbon dioxide
corTesponds to 1 mole of ethylenimine (eq 13, The
value of —AH; (28° O) was reduced to 25° C, using
the values reported in [13] for the specific heats at
conetant Ere&sure of cerbon dioxide, nitrogen, and
oxygen; the value reported in [12] for water; and the
eatimated value of 2 jfg deg O for the s Aﬁamﬁc heat
of liquid ethylenimine. The value of {25° !
was obtained by combining the value -::rf —
f25% () with velues for the heats of formation o
liguid water and paseous carbon dioxide [11].

TavLe 2. Values of hauiﬂ combutiion and fermation of lguid
ethylenimine
kitmolas kenifmades
e 17 Lo 150130 0BT | 3803 <H0. 4
—AREEEt O .__..___..| 1060074 SOLET | 380,70 0,14
BN L T N o) T 1309 5% &0 B8 | 290,88 £0.14
AH (250 T} DL =000 | ZL 06 0 14

& Thy numbers fallowing the - signs were obialnsd by appropristely combining
the following qusntities; (&) Tho Stabudand davistion of thy Mean maalt of the
calibration experimenta, (b) We stadsrd deviabion of e Mesn ¥alue of —aLry
Wc‘!-h mhﬁ.fﬂ}mﬂﬂmhmm the standard devis

the best of combustion of banzoie gokd, and () an allowanee of 0085 far

wsed fort
meaﬂutu!hn‘gudﬂmlnthaath{ mltl.l-. Fuw tha hest of Fo st ion, Aloranes
wid e i bve Talnea wsed for the heata of formation

of tarboo Akxld: whdd Wallr,
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Caleulation of the amount of the combustion reac-
tion on the hasis of the masa of carbon dicxide
produced is equivalent to assuming that the sample
wad composed entirely of C;HgN and inert impurity.
The effect of such inert impurities ia thus completely
elimingied. Thero remaing, however, the possibilit
of a slight systematic error from polymers of ethyl-
eniming or other combustible impurities that may
have been present.

6. Strain Energy

It is of interest to comparc the experimental value
of the heat of formation of ethylenimine with & value
caloulated from bond energies, as the difference he-
tween the two may be considered as an approximation
to the etrain energy of the molecule. For this pur-
pose the heat of vaporization of ethylenimine was
estimated to be about 4 kealfmole, making the heat
of formation of the gas akout 28 i{uﬂl}’mo a. Bond
energies at 208° C were taken from & table prepared
by C. W. Beckett [14). These bond energies wera
calculated from values of heats of formation, follow-
ing essentially the same procedure as Pauling [19],
Pitzer [20], and others [21]. The data veed were
taken from [11], except for the heat of formation of
paseous atomic nitrogen, which was taken from [15].

The valua calculated from thess bond energies
for the heat of formation of gaseous ethylenimine
iz 12 kcol/mole, so that the corresponding valne
for the steain energt{l ie 14 kealfmole.

For comparison, the strain energies of the three-
membered ring compounds cyclopropane, ethylene
oxide, and ethylene sulfide were calculated in the
game manner, and the vealues obtained are 25, 13,
aod 9 keal/mole, respectively. The cxperimental
velues used for the heats of formation of these
three compounds are those given in [122L [11], and
[18], reepectively. The above value for the strain
energy of eyelopropane in somewhsat lower than the
values calculated by Kilpatrick aod Spitzer [16]
(10 to 12 kesl/CH, unit), and by Coulson and Moffitt
[17] & to 1 av=12 to 23 kcal.n’é?E[, unit),

The celeulation of strain energy from bond enerpies
is subject to relativaely larza uncertainty, partly
because of poseible errors in some of the walues
used for heats of formation, and partly hecause the
caleulations are based on the assutnption that the

energy of a given bond is the same in different
compounds. a values of strain energy obtained
in the manner indicated may be in error by sevearal
kileealories per tmole. Because of these uncertain-
ties, not much sigoificance can be attributed to the
differences in the valves given above for the strain
enerpgies of ethylenimine, ethylene oxide, ethylene
sulfide, and cycl};rprﬂpane.
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