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SUMMARY '

1, Heats of combustion and latent heats of.vaporization of several
straight-chain nitroparaffins have been determined experimentally,
The resulting values have been used to test the accuracy of three
generalized methods of predicting heats of combustion of orgenic
compounds from a knowledge of the chemical structure of the
molecules, All three methods gave values accurate to within about ;
one percent,

2. An eqguation has been developed which correlates the heats of
combustion of all of the nitroparaffin samples for which data are
available, both from this study and in the open literature, with
an average deviation of about two percent. :

3., Conclusions reached by othg% investigators that the heats of
explosion and the explosive\powers of pure chemical compounds are

related to the oxygen balance of the molecules have been varified

and extended, R

-




ANTRODUCTION .

The possible utilization of the mono- and poly-nitroparaffins
as explosives, propellants, and fuel addiines, coupled with_their
already extensive uses as solvents and chemical intermediates, is indicative
of the velue of experimental data concerning their bhen&od&namic properties,

The utility of heats of combustion, latent heats, specific heats,
and pressure-volume-temperdture relationships in the calculation of heat
effects in chemical processes, theoretical flame temperatures, heats of
explosion, theoretical thrusts for reaction engines, etc. has been stressed
by meny investigators. Information on these properties is of major
importance in engineering practice. In cases involving -the.combustion>6f
those compounds yielding such products as carbon dioxide, water, and
gaseous nitrogen, the specific heats and P-V~T relationships of the
products are known with high degrees of accuracy, and the major problem
often becomes one of estimating or debenninipg the heats of combustion of
the compounds in their standard states,

As a step in the estimetion of heat effects when accurate experi-

mental data are lacking, the relationships betiween heat$ of combustion and

i

chemical structure have bheen studied by many investigators, and there are
several generallized correlations of good accuracy available in the litera-
ture., Because of the lack of experimental data on more than a few members

of the nitroparraffin series, however, there is only slight svidence to

~

substantiate the bellief that these correlations can be used with any reason-
able degree of certainty for the estimation of properties of the series aa)
a whole, Additibnal information on the thermodynamic properties of the

nit;oparaffins may be used to test the available correlations and, possibly,

to aid in developing new and better relationships.




i
§
{
1
|
i

D S T A i v s i P St b o o

B e e

A conclusion reached in the recent Arthur D. Little, Inc. "Report
on Study of Pure Explosive’Compounds" that, from the viewpoint of explosives,
the most desirable molecules include those contaiﬁing only carbon, hydrogen,
end the nitro group lends inqpeasing importance to the present study. Data
obtained in this ipvestigation may be used to test and extend some of the
conclusions resched in that report, and to analyze the nitroparaffin
series from the explosives viewpoint.

It is the purpose of this investigation to determine experimentally
tho heats of combustion of various straight-chain members of the nitroparaffin
series of organic compounds, and to investigate the correlation: of thesa
and of other derived properties so that calculations may be extended to
include other members of the series for which expbrimental data are at present

unavailable.
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DEFINITION OF SEEg§ &

The following terndnologies, consistent with those ordinarily
used in thermnochemical work, have heen adopted in this report.
1. Heat of Combustion. The heat of combustion of an organic
L]

compound containing only carbon, hydrogen, oxygen, and nitrogen is defined

as the quantity of heat evolved when a unit quantity of the compound is
burned in the presence of excess oxygen to yleld combustion products that
are in their final states of oxidation (e.g., gaseous carbon dioxide,
liquid water, and gaseous nitrogen)., Symbols are assigned as fojlovs,
depending on the conditions of the combustion process:
D Ep = the heat of combustion when the sample is burned under
the standarized conditions of the bomb process (28).
[SE%,: the heat of combustion at constant volume with the
reactants and products in their standard states at
25°C and one atmosphere pressure.
JaY HO = the heat of combustion at constant pressure with the
reactanbé and products in their stendard states at
25°C and one atmosphere pressure.
The ordinary units for heats of combustion are either kilocalories
per gram-mol (kcal/mol) or kilocalories per kilogram (kczl/kg).

2., Latent Heat of Vaporlzation. The latent heat of vaporization

is defined as the quantity of heat necessary to completely vaporize a unit
quantity of pure liquid at constant temperature and pressure, In this

report the latent heat is calculated at 25°C and at &-total pressure correspond-
ing to the vapor pressure of the pure compound at that ggmpgrature. The

units employed for latent heats are kcal/mol.

3. Yapor Pressure. The vapor pressure of a pure liquid compound

»>




is defined as the pressure at which vapor end liquid are in equilibrium at
.
; i “a given temperature, In this investigation the units of vapor pressure are

millimeters of mercury.

ljy Heat of Formation. The standard heat of formation, AH% , is
defined as the quantity of heat evolved when & unit quantity of compound in

it's standard state is formed from the elements in their standard states in

!
1
|
!
1
|
: a reaction beginning and ending at 25°C and one atmosphers total pressure.
Unless preceded by a posibive sign, values of O Héftabulated in this report
’1

> should he taken as negative in order to be consistent with thermodynamic

nomenclature. The units of this aquantity are ordinarily teken as kcel/mol.

5. Heat of Explosion. The héats of explosion, A Egy given
in this report are defined as the quantities of heat liberated when unit
quantities of the compounds are detonated, in the absence of external
oxygen, to yleld detonation products.' The detonation products have been
B calculated using the following assumptions:

. | 'a) ‘the carbon present in the molecule is oxidized to carbon

monoxide,
= b) the hydrogen present is oxidized to gaseous water.
e) the carbon monorxide is further oxidized to carbon dioxide.
') d) if insufficient oxygen is present to accomplish all of
the sbove reactions, bthey will také'place in the above
. . order.’ ’
The valldity of the above assumption is discussed in the Arthur D. Little,
I“;, Ino. report .(14).

Numerical values used in coverting heats of combustion to heats

of explosion have been taken from this report (lh). The units for heats

i of~exploéion have been taken as either kcal/mol or kcal/kg.

PO}




6. Oxygen Balance, Oxygen bzlance (0,B,) has been calculated

as the negative of one hundred times the weight of external oxygen required
for the complete combustion of unit weight of & compound to carbon dioxide,

water, and nitrogen. In the form of an eguation (14):

OOBO = "A(2X+l/2‘y" Z) 1600 t-oo-ooo.(l)
i
where
x = the number of carbon atoms in the molecule
i Y = the number of hydrogen atoms in the molecule

%z = the number of oxygen atoms in' the molecule

M = the molecular weight of the compound

'

7. Explosive Power. Explosive power (P) has heen calculahed

'

as the ratio of the Berthelot product for a compohnd to the same product
for TNT as a reference standard, With the Berthelot product defined as
the heat of explosion in calories per gram multiplied by the cubic cenbi-
meters of gases (measured at NTP) evolved from one gram of the compound,

it is shovm (14) that:

) P= -3500 N OE, veesssene(2)
M :

where
N = the increase in the number of moles of gas, carbon being

considered a5 a solid.

D E, ="the heat of explosion, in kcal/mol, calculated to gaseous
water.
M = the molecular weight of the compound.

The eiplosive power thus defined is expressed as a percent of the explosive
power of TNT. The assumptions inherent in this definition of explosive

power are discussed in the report by A. D. Little,,Inc. (14).
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6+ Oxygen Balance, Oxygen bzlance (0.B,) has been calculated
as the negative of one lLundred times the weight of external oxygen required
for the complete combustion of unit weight of a compound to carbon dioxide,

water, and nitrogen. In the form of an equation (14):

0.B, = =(2x+ 1/2y - z) 1600 coeeeneas(l)
M
where
X = the number of carbon atoms in the molecule
¥ = the number of hydrogen atoms in the molecule

2z = the number of oxygen atoms in' the molecule

M = the molecular weight of the compcund

7. Explosive Power. Explosive power (P) has heen caleulated

)

as the ratio of the Berthelot product for a compoﬁnd to the same product
for T™NT as a reference standard, Vith the Rerthelot product defined as
the heat of explosion in calories per gram muitiplied by the cubic centi-
maters of gases (measured at NTP) evolved from one gram of the compound,

it is shovm (14) that:

) P L OON AE esss0en0 e 2
.iiivr__~_e . (2)

where
N = the incrsase in the number of moles of gis, carbon bheing

considered as a solid.

DE, ="the heat of explosion, in keal/mol, calaulated to gaseous
water.
M = the moleculer weight of the compound,

The ekplosive power thus defined is expressed as a percent of the explosive

power of TNT. The assumptions inherent in this definition of explosive

power are discussed in the report by A. D. Little,/Ince (14).
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‘ EXPERIMENTAL INVESTIGATIONS

e

A, COMPOUNDS INVESTIGATED

Samples of nitrometharie, nitroethane, l-nitropropzne, 2-nitro-
propane, and 2,2-dinitropropane were obtsined from the Commercial Selvents
Corporation. These samples were purified by drying and fractional
distillation. ¢

1,1-Dinitropropans was prepared from potassium nitrite and lw
chloro-l—nitroprOpane following the procedure developed by Jacobson (9).
The product was purified by rectification.

1, 3~-Dinitropropane wes prepared from silver nitrite and 1,3~
diiodopropane following the procedure used by McElroy (15). The product
was dried and twice-distilled. The details of the preparation of this
compound are gi'ven Ly Hass, Kispersky, and Holcomb (7).

1-litrobutane was prepared from silver nitrite and l-iodobutane
via the Victor Meyer reaction. The product was purified by drying and
fractionation,

2-Nitrobutane was prepared by the vapor-phase nitration of
butane, The sample was purified by fractionation.

Trinitfomebhane vas obtained from Prof, W. L. Gilliland of the
Purdue University Department of Chemistry. The saomple was not further puri-
fied,

The purity of these aforementioned samples, except 1,3-dinitro-*
propene &nd trinitromethane, was eétimated to be greater than 99% pure,

By the use of time=temperature freezing point curves (6) the estimated

purity of 1;3-dinitropropone wes 98.2% and for trinitromethane was 95.,4%

(a1l on a molar basis).

Heat of combustion values taken from the literature for use in

e & P
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developing the corrslations of Sectlon IV included those reporﬁéd by Miller
and Hunt (16) for 2,3~di;nethy1-2, 3-dinitrobutene, 2,2-dimethyl~l,3-dinitro~
propene, 2-nethyl-2,3,3-trinitrotutane, Remethyl-2,3,3-trinitropentane, and
2,2,3,3- @ebranihrobutane; that reported by Roth (24) for tetranitromethane;
and thab reported hy Rubtzov (25) for 1,1,l-trinitrocthane, '

The physical properties used to characterize the samples . .
prepared in the course of this investigation are summarigzed in Table I.

B. EXPLRIMENTAL &FTHODS

1., Heats of Combustion. The experimental method used in the

investigaetions of heats of combustion was the so~called’"adiabntic" method
of bomb calorimetry. The equipment used was, in principle, similar to that

perfected by Richards (22) and modified by Daniels (5). "

The experiments were based upon the method of comparative
measurements, where the effects caused by an experimental sample are
compared with the effscts caused by & chosen standard substance under }
identical conditions. In theory, as applied to heat of combustion measurements,
a welghed quantity of standardized benzoic acid is burned in a calorimeter
under stendardized conditions to evolve a stendard quantity of heat; the

sample to be investigated is then burned in the same equipment, under the

same conditions, to evolve the same quantity of heat; the ratio of the mass
of the experimental ;ample to the mass of the standard substance multiplied
by the heat of combustion of the standard substance gives the heat of
combustion of the e#perimental sample,

In practice, exactly identical conditions c¢'nnot be maintained
from experiment to experiment, so that the method of calculation must be
mocdified to reduce the conditions under which each experiment is made to

some arbltrarily selected standard set of'conditionae This reduction has
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been accomplished indirectly by basing the czlculations upon the "water

-

aquivelent" of the calorimetric system, i.e. that quantity which, when

added to the mass of water placed in the calorimeter, gives & sum which

%‘w@%mu«»:m iy

is numerically equal to the total heat capacity of the calorimetrie system.

i

gt s/ P

The water equivalent of the system may be determined by experiments, under
conditions substantially equal to the standard set of conditions, in

which benzoic acid, standardized by the Bureau of Standrds, is burned.

Final experimental values for the heats of combustion given in
Table I1 are accepted as the average of the results of a number of
experiments. Uncertainty limits are assigned to the averages using standard
statistical procedure; (23). The heats of formation of the products of
combustion being known, the heats of for@abion of the experimental samples
are readily calculated from their standard heats of combustion (13),

2, Latent Heats of Vaproization. The method used for the

determination of the latent heats of vaporization of the liquid nitroparaffin «
samples involved experimental measurements of vapor pressures and liquid
densities followed by application of the Clapeyron equation (13) with the

assumption of ideal vapor phases. The applicability of the Clapeyron

equation is based on the assumption of.reveisible,‘isgthermal vaporization
at a constant temperature with the vapor and liquid pﬁéses in dynamic
eqﬁilibrium. Thgs assumption was validated insofar as experimentally
possible by measuring the vapor pressurus at constant temperatures with
samples boiling undér thelr own vapor pressures at those tenperatures.
Vapor pressures were measured using the method proposed by
Pickett (20) and utilized by Hodge (8) in his earlier determinations of,

vapor pressures of the mono-nitroparaffins.

Selected values from the axperimentel vapor pressure curves are

S Y
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tabulated in Tahle III. The calculated latent heats of vaproization are

glven in Table IV, ‘
'+ ‘
3+ Units, Constants, and Uncertainties. The values for heats

of combustion which are reported in this memorandum are based on the heah’
af combustion of United States Bureau ?f Standards Sample 39-f of benzoié

acid zs 26,4294 + 2,6 international joules per gram mass in vacuo when

the sample is burned under the standardized conditions of the bomb process

(12,28).

The atomic weights of hydrogen, oxygen, carbon, and nitrogen

wers accepted ag 1,0080, 16,0000, 12,010, and 14,008, respectively, from
the 1941 Table of International Atomic Weights (3). )
The conventionzl thermochemical calorie, as used in this report,
is defined as:
1 calorie = 4.1833 international joules (17).
The value of the gas constunt, R, was taken as 8,3128 + o.oodé
international joules per gram-mols per degree Kelvin (19). .

Limits of uncertainty were assigned to the reported values for

heats of combustion and formation, using twice the estimated standard
deviation of the average as the uncertainty 1imit (23). Insofar_as they
were significant, the standard deviations assvciated with the accepted
constants and other constant factors entering into the reduction of the
data were incorporated into the final overall standard deviation associated

with the quantity being evaluated. Estimated one-percent uncertainty

limits were assigned to the values given for latent heats of vaporization.
Accepted experiments included all except those in which a grons
error had obviously been made; or in which an extraordinarily large deviatién

.

could be accounted for.by purely physical means,
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C. EXPERIMENTAL APPARATUS

1, The Calorimeter. Deteils of the calorimetric system used

in the heat of combustion investigations are shown in Figures 1l-4. The .
Jacket (Figures 1 and 3) was a standard Emerson, No. 23B, Daniels Jacket
modified to provide for stirring of the jacket water, Water in the jacket
was heated by passing a current of about five amperes at 60 volts
intermitiently through the water, using the circuit shown in Figure 2a to
cont rol tﬁe quantity of heat generated.

The bomb, shown in Figure 4, was a standard Parr No. 1101 nickel-
chromium alloy oxygen combustion bomb with a double v;lve, self-sealing
head,

The difference in'temperature of the jacket and the water in
the calorimeter can was indicated by means of a multiple-junction, differential,
copper-constantan thermopile with leads to a Rubicon No. 3401-H galvanometer.
As shown in Figure 1, one set of junctions were immersed in the calorimeter
water, the other set in the jacket water, Each of the thermopiles
contained 32 separate junctions and had a resistance of 59 ohms. The
galvanometer was deflected about four millimeters per hundredth of a degree
Centigrade temperature difference between jacket and calorimeter.

Temperatures chenges in the calorimeter were measured by means
of a Packman-type differential thermometer calibrated by the Bureau of
Standards. The temperature of the air surrounding the calorimeter was.
measured by a calihrated mercury thermometer,

The fi;iﬁg unit (Figure 2b) was designed to enable a current

of three amperes at 1) volts to be impressed across the fuse wire (attached

to the bomb electrodes) for & measured time interval, Standard Parr, iron’

fuse wire was used in all experiments,
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Fig. 3 - The Calorimeter Assembly
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Fig. 4 - Bomb and Calorimeter Can

A. Bomb Cylinder '
B. Bomb Head

f C. Screw Cep
D, Combustion Cup

E. Bomb Support Bracket
F. Calorimeter Can
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2,~ Vaper Pressure Apparatus. The apparatus used for measure-

ments of vapor pressure was identical with that described by Pickett (20)
w%th the exception of the modifications described below,

Temperatures were measured by cslibrated me;cury thermometers.,
Magnifying lenses were used in estimeting the temperatures to within

0.019 in the range from 0-50°C, end to within 0.19C in the range £rom

59-150°C. The thermometer bulbs were covered with cloth wicks, and were
immersed in the sample so that the wick dipped into the liquid while the
; x bulb itself was surrounded by vapor,
In order to initiate vaporization of the sample when the total
pressure in the system approached the vapor pressure of the sample,
! provisions were made to introduce dry nitrogen just helow the surface of
the sample through a small capillary tube.

A Zimmerli gage was used to measure the pressure in the system,

The difference in the height of mercury in the two working legs of the gage -

was estimated to within 0,01 mm by means of a cathetometer. °

e S i T TR e 6 e TN
.




o Fe A o e ®

-17 -

RESULTS

A, HEATS OF COMBUSTION AND FORMATION

The heats of combustion determined experimentally in this
investigation are shown in Table II, Statistical properties (1) of the
experimental data are summarized in Table III. Heats of formatiop have
been caiculated (13) from the standard heats of combustion, AH? s
using 94.052 kcal/mol as the standard heat of formation of gaseous
carbon dioxide (21) and 68.317 kcal/mol as the standard heat of formation
of liquid water (27).

B, VAPOR PRESSURES AND!LATENT HEATS OF VAPORIZATION

Selected points from the experimentally determined vapor pressure-
temperature curve are listed in Table IV. The precision of these data is
better than five parts in one thousand, and the experimental values compare
excellently with the dzta published by Hodge (8).

Values 4f the latent heats of vaporization at 259C, calculated
from the experlmental vepor pressure data, are tabulated in Table V.
Es’.imated one-percent uncertainty limits have been assigned to the calculated
values,

Cs TESTS OF PUBLISHED CORRELATIONS

Table VI compares the experimental values for heats of combustion,
A Hg , vith Lhe values predicted by three generalized correlatiods of
heats of comhuétion or formation with chemical structure.

The correlation by Kharasch (12), developed for the estimation
of heats of combustion of organic liquids, has been used without
supplerventary data except in the case of solid 2,2-dinitropropane, where
it has been necessary to add a correction for the heat of fusion of the

compound. The heat of fusion value used was 1.03 kecal/mol, approximated
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from data obtained during the time-temperature freezing points tests for
purity.

The method developed by Anderson, Beyer, and Watson (2),
correlating heats of formation in the ideal gnseous state with chemical
structure, necessitates the use of experimental or estimated lztent heats

in converting the results to heats of combustion of the compounds in théir

ordinary states. Latent heats determined in the present investigation

have been used in applying the necessary corrections. ‘

) The values of AFE, estimated by the method developed in the
Arthur D. Little, Inc. "Report on Study of Pure Explosive Compounds (Part
II)", have been corrected to standard heats of combustion, £§Hgl, by

addition of terms to allow for the changes in the pressure-volume products

during the combustions (13), A E, has been assumed egual to AE?.
since the percentage error is small enough to be negligible.
D. CORRELATION OF HEAT OF CCMRUSTION WITH OXYGEN BALANCE

Figure 5, plotted from data in Table VII, shows the essentially

linear relationship between oxygen balance (as defined in Section 11)
and the heat of combustion under bomb conditions, A Ej, « The points are
nmumbered to correspond with the nomenclature of Tsble VII.
E. CORRELATIONS OF EXPLOSIVE PROPERTIES

Figures 6, 7, and 8, compiled from the data of Table VII,
heve been constructed in the manner used in%the Little Rep;rt (14) to show the
effects of oxygen balance and heat of combustion on the explosive
properties of the compounds., The broken lines in the figures indicate
extrapolated portions of the curves. The points are numbered to correspond

with the nomenclature of Table VII,

A sy
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- ~ TARLE IV
VAPOR PRESSURES OF THE NITROPARAFFINS

A |Tempera- Vapor Pressure, millimeters of mercury
ature

OC g

o o )

v & & 2 ] £

5 (V] 8- n, R 5 8

L 5 ~ 8 5 3 )

B & & 2 2 B hef

£ 5 & £ g Y &

& g .“3. i a 2 S

o 5 g “ = % -

e e - N -~ -

10 16012 8052 7005 3.96 2.79 1023 -

20 27.89 15,65 12.99 7.52 5,48 2.50. -

25 36426 .20.89 17.27 | 10.00 7,46 3,50 -

30 L667 | 2781 | 22,65 | 13.48 | 10.01 L.82 -

L0 ‘75,21 | 46,20 | 38,11 | 23.24 | 17.29 8.85 -
50 117.1 74455 61.32 38.41 28,63 15.49 1,62
60 178.2  1113.2 95.22 | 61,17 | un6.18 | 26,00 3,27
70 262.7  1173.9 3.6 94,32 | 71.67 | 42.08 6437

80 371 l2sh2  |201.0 |140.9 |108.2 | 65.58 | 11.10

90 530.2 {3611 {299.1 " | 20h,5 |158.8 99.5 18,7,
100 7904 [499.4  |Wlé.h  } 289.5 228,13 |145.8 30, 50
110 - 67646 56442 1 4012 318,8 207.1 18,88

120 - - - 55,1 | 563645 | 29245 -

130 - - - 728.2 | 5841  [399.4 -

140 - o - - 760,0 53348 -

150 - - - - - 696.0 -

]
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Compound Latent Heat of Vaporization
at 250C
kcal/mol
) Nitromethane ' 9.09 + 0.09
Nitroethane 9.94 + 0,10
A 1-Nitropropane 10.37 + 0,10
2-litropropane 9.88 + 0,10 )
1-Nitrobutane 11,61 + 0.12
2-Nitrobutane 10.48 # 0.10
1,1-Dinitropropane ' 14.93 + 0.15

-

TABLE V-

4

LATERT HEATS OF VAPORIZATIOR OF THE NITROPARAFFINS
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* | V FIG. 6

HEAT OF EXPLOSION VS. OXYGEN BALANCE
* FOR THE NITROPARAFFINS
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The points gpr trinitromethane (No. 12) in Figures 7 and 8 are
Incorrectly plotted.
In Figure 7, the coordinates should be:
0.B. = + 37.1
P = 7844
In Figure 8, the coordinates should be:
- Ey, = 746
P =784
These changes do not alter the conclusions that are drawn from

these data,

=
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FIG. 8

HEAT OF GCOMBUSTION VS. EXPLOSIVE POWER
FOR THE NITROPARAFFINS
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DISCUSSION OF RESULTS

Ay EXPERIMENTAL MEASUREMENTS

Heats of combuaiﬁon values as recorded in the literature to

. which the present experi&ental values may be compared are those for

njtromethene (4), nitroethane (4), l-njtropropane (26), and 2,2
~dinitropropane (14). Tﬁe value for nibrome;hane as datermined in this

work is ebout 5 kcal/mol higher than the average of the three available
literature values. This difference 1s possibly due to impurities in the
samples used by the earlier investigators (1890-1910). No reason cen

be advanced why the value of 2,2-dintropropane as determined in this
investigation is 16 kcal/mol higher than the velue cited in the Little
Report because the actual source of those data is unknown to the writers,
The experimental values for the other two .compounds compare well with -
the literature values,

’ The vapor pressure measurements of this investigation resulted

in values which checked almost exactly with the values published by

Hodge (8) for all of the compounds, except l,l-dinitropropane, for which
vapbr pressure measursments were made. The calculated value for the latent
he;t-of vaporization of nitromethane is about 0.6 percent lower than the
value reported by Jones and Giaque (11); the caleulated value for nitroe-
thane checks very well with the value reported by Berthelot and Matignon (4).
The fact that values of latent heats calculated from vapor pressure measure-
ments seem to differ significantly from true experimental values may
indicate that the d;viatioﬁa can be traced partly to the difficulty of

obtaithing the slope of the vapor'praasure curves to more than three

aiéniticant figures,




B, CORRELATIONS OF HEATS OF COMBUSTION

+

~ 1, Methods of Group Contributions. The results of the three

empirical methods of estimating heats of combustion are showmn in Table VI
for comparison with the experimenﬁally determined values., The agreement
between the values determined from the empirical methods and the experi-
mental velues is as would be expected after considering the smpirical

nature of the methods,

The method of Kharasch (12) is designed to correlate heats of
combustion of organic compounds in the liquid state at 18°C, Assuming
negligible change in AH% from 189C to 25°C, the only auxiliary data
nacessary in constructing the tagle was in the case of solld 2,2-dinitro-

propane, where the heat of fusion had to be considered., It should be

noted that the method makes no allowance for differences in the heats of
combustion of*isomers; howvever, since the aversage values for the nitro-
paraffin isomers havs a maximum deviation from the individual values of
only about 1,7 percent, with an average deviation of about 0.8 percent, this
is no great disadvantage when an error of estimate of a few percent is
allowable, ‘
Although the method dev?bed by Anderson, Beyer, and Watson (2)
appears to differentiate between isomers in the right direction, it, like
o the bond energy correlations of Pauling (18), correlates heat effects in
the ideal gaseous state, thus necessitating the estimation of latent keatls
in order to convert the values to ordinary states., Errors in the meesure-

ment of these latter quantities will tend to increase the error in the

estimste of the final heat of combustion.
Since heats of vaporization and fusion are included in the calculs~

tions leading to tabulated values for bond and group contributions id the -
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Little Heport (lk), it might be expected that the error inhereqt in the ¥
method there reported would be slightly gredter then the error in the other
two methods. Actually, in most ceses, the latent heat terms are small s
enough in comparison with the final heat of combustion values that reason-
able errors in the former have a relatively small net effect on the
astimated values of.the latter.

Where errors of estimate on the erder of one percent‘are allowable,
the method advanced in the Little Report is probably the most convenient

of the three methods since it requires fewer numerical manipulations,

2. Heats of Combustion from Oxypen Balance. Inspection of

the relationship in Figure 5 between heat of combustion, A Bps and
oxygen balance indicates that an apparently linear relationship ;xists
over the range of compounds included in the correlatlon., As oxygen balance
does not differentiate betvween isomers, heats of combustion of isomers were

averaged hefore plotting the data of Tahle VI,

/5

An equation of the form:

- O By = (1792.3) - (26,218) (0.B.) O )]
fits the relationship shown in Figure 5 with an average deviat;?n between
experimental and calculated values of 2.1 percent of the experimental
value, Since the value of LSE% for trinitromethane is based on only one
experimental measuremsnt using a sample containing 4.4 pe;cent of an
unidentified impurity, it hes been excluded in the calculation of the
constants of the equation,

Equation (3) may be placed in the more convenient forms

= QE, = 17923 + 42269 (2x s 11‘12 Y= z) coevenses (&)
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where o
AFE, = the heat of combustion under homb conditions in kecal/kg
X = the number of carbon atoms in the molecule
y = the number of hydrogen z2toms in the molecule
2z = the number of oxygen atoms in the molecule

M = the molecular weight of the nitroparaffin

Since A Ep and AEQ are not significantly different

compared with the error ?‘,n the equation itself, the two terms may be assumed
identical for purposes of estimation, and A Hg may be calculated from
the estimated value of A E, by use of the relationship (13):

. A= ARl 4+ Omr vesaranen (5)
where

AHQ = the standard heat of combustion at constant pressure,

keal/mol-

A Eb in units of kcal/mol

a3,

An = the mols of gaseous products less the mocls of gaseous
reactants, per mol of nitroparaffin
R* = the gas constant, kcal/mol, 9K

T = the absolute temperature, %K
When referring the reaction to 250C, the above equation takes
the form: ‘
LHS s AEL + 0.5928An veessssne (6)
It sbuld be recalled that both AE, and AH} are inherently

negative for the cases under consideration.

C.” CORRELATIONS OF EXPLOSIVE PROPERTIES

1, Heat of Explosion vs., Oxygen Balance, Figure 6, conssructed

from the data of Table VII, has been plotted for comparison of the experi-

S T x
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mental relationship, between /\ E, and oxygen balance, with the relation-
ship predicted by tne idealized curve of Figure 33, p. 220 of the Libtle
Report (14). The "idealized curvé", correlating heats of explosion of

all organix explosives for which data were available, although following

s

the same general pattern as the present relationship, deviates

appreciably from the present data on the nitroparaffins, Instead of a
maximum heat of explosion of about 1630 kcal/kg predicted by the Little
curve, it appears that a maximum of about 1850 kcalykg would be attained

by a nitroparaffin in zero oxygen balance, It should be recalled, as
pointed out in the Little Report, that the indication of a maximum heat of
explosion at zero oxygen balance is not strictly correct due to the assump~
tions made in the calculations of A E, » Other investigators have
concluded that "while the zero point may not be ﬁgp exact meximum point,

it will be close to it, and (the maximum) will not be either at very low
balances or in the region of positive balance", Little (14) states that
Roth has estimated that éﬁe animum occurs at an oxygen balance of about -3,

2. Correlations of Explosive Power., Figures 7 and 8, constructed

from the data of Table VII, have been modified after Figure 37, p. 253 of the
Little Report (14). Explosive power has been calculated as deacribed in

this memorandum in Item 7, Definition of Terms. Keeping in mind the
limitation'of the oxygen balance-heat of explosion relationship discussed
directly above, it appears that the maximum explosive power to be expected
of & nitroparaffin is about 260 percent of that for TNT, and that this

power will occur with a nitroparaffin having a heat of combustion, A Ep,

of about -1800 kcal/kg.

i ’
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CONCLUSIONS

1. The heats of combustion of six mononitroparaffins and three
+dinitroparaffins, including three sets of isomers, have been experimentally
determined with an average precision of one part in one thousand., A
single experimental value has been obtained for the heat of combustion of
trinitromethane (Table II), “

2, Latent heats of vaporization of six mononitroparaffins and
one dinitroparaffin have been calculated (Table V), from experimental
vapor pressure measurements, The estimated error in the latent heats
(Table IV) is one percent.

3. Thres metho&s of estimating the heats of combustion of

organic compounds from knowledge of their chemical structures have been

..

shown to be applicable to the nitroparaffins investigated with an error
of estiqate of about one percent (Table VI), Although the method of
Kharasch (12) gives the smallest error estimate, and the method of Anderson,
Beyer, and Watson (2) is the only one to differentiate between the heats
of combustion of isomers, the method proposed in the Little Report (14)
requires fewer numerical calculations and gives results whizh do not differ
significantly from those given by the other methods when accuracy on the
order of a few percent is allowable.

4. The heats of combustion of the nitroparaffins élz}ave been
shown to be a linear function of the oxygen balance of the molecules
(Figure 5), and an equation has been derived which relates these two
variables with an average error of ;ebimate.of about, two percent.

5+ The correlation of heat of explosion with oxygen halance
that is developed in the Little Report has been varified and extended to

apply to the nitroparaffin series with much better accuracy {Figure 6).

e it e o v — .
T R L

i R T e AP—



<

bt Iy e g

-35- T

There are indications that the maximum explosive power to be expected of
a nitroparaffin will be about 260 percent of that of TNT (Figure 7), a;d
that this power will occur with a nitroparaffin having a heat of
combustion of ahout ~1800 kilocalories per kilogram (Figure 8) and an

oxygen balance close to zero.

— -




)

1.

5e
6.

7.

8.
9
10,
11,
12,
13,

l’}.

15,
16,
17,
18,

B ol A o R

- 36 -

LITERATURE CITED

American Society for Testing Materisls, A,S.T.Y. Manual on Presentation

of Dats, Supplement A. (1940)

Anderson, J.¥., Beyer, G. H. and Watson, K. M., Nut'l, Petroleum News,
. 36, RL76-8L (1944)
Baxter, G. P., et.al., J. Am. Chem, Soa,, 63, 845 (1941)

Bichowski, F. W, and F. D. Rossini, The Thermochemistry of Chemical

Subs es. New York: Reinhold (1936)

Daniels, F., J. Am, Chem. Soc., 38 , 1473 (1916)

>

Glasgow, A. R., Streiff, A.J., and Rossini, F. D., J. Res., U.5. Bur.

Stds., 35, 355 (1945) :
Hass, H. B., Kispersky, J. P., and Holcomb, D. E., to be published in

J. Am. Chem. Soc. in December, 1948

Hodge, E. B., Ind. and Engr. Chem., 32, 748 (1940)

Jacobson, H. W., Ph.D. thesis, Purdue University (1942)

Jessup, Re S., J._Res. U.S. Bur., Stds., 36, 421 (1946)

Jones, Y. M. and Giaque, W. F., J. Am. Chem. Soc., 69, 983 (1947)

Kharasch, M. S., J. Res. U, S. Bur. Stds., 2, 359 (1929)

Lewis, G. N. and M. Randall, Thermodynamics and the Free Energy of

Chemical Substances. New York: McGraw-Hill (1923) .

Little, Arthur D., Inc., Report on Study of Pure Explosive Compounds,

Office of the Chief of Ordnance, U.S. Army. (1947)
McElroy, F., Ph.D. thesis, Purdue University (1943)

Miller, A. J. @and Hunt, H., J. Phys. Chem., 49, 20 (1945)

Mueller, B. I, and Rossini, F. D., Am, J. Physics, 12, 1 (1944)

Pauling, L., The Nature of the Chemical Bond and the Structure of

Molecules and Crystals, New York: Crowell (1940)

e e T




e

19,

20,

"2l -

Perry, J. He (Ed.), Chemical Engineer!s Hundbook. New York: McGraw-

HiIl (1941)
Pickett, Os Av, Inds snd Engr. Chem,, Anal. Bd., 1, 36 (1929)

Prosen, E. J., Jessup, R. S., and Rossini, F. D., J. Res. U.S. Bur.

Stds., 33, 447 (1944)
Richards, T. W. and Barry, % J, Am. Chem. Soc., 37, 993 (1915)

Rossini, F. D, and Deming, W. E., J, Vash, Acad. Sci., 29, 516 (1939)

Roth, W. Ae, et.ale, Ber., 77B, 537-9 (1944)

. Rubbzov, P. P., Chem. Abst., 15, 1427 (1918)

Swietoslawski, W., A, Physik Chem., 72, 49-53 (1910)

Wagmany D. De, eb. &l., Jo Res. U.S. Bur. Stds., 34, 143 (1945)

W&8hbum’ E, W., J. Res, U.S. Bur. Stdsg' 10, 525 (1935)

ey




