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Heat of Mixing of Dinitrogen Tetroxide with Organic Liquids 
By C. Clifford Addison, John C. Sheldon, and Barry C. Smith, Department of Chemistry, University of 

Heat is absorbed when dinitrogen tetroxide is mixed with non-polar non-donor liquids, and is evolved on mixing 
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dinitrogen tetroxide with polar or donor liquids. 
containing dinitrogen tetroxide are reported. 

DINITROGEN TETROXIDE is an electron acceptor which 
forms molecular addition compounds with a range of 
electron donor solvents. Many addition compounds 
with organic liquids melt below room temperature,lY2 and 
studies related to association in the liquid phase have 
involved measurements of U.V. spectra,3 d e n ~ i t y , ~  
vis~osi ty ,~ and vapour pressure.e This paper describes 
a further investigation of the physical properties of 
binary liquid mixtures. Addison, Conduit, and 
Thompson investigated the heat of mixing with diethyl- 
nitrosamine, and heats of mixing at  different concentra- 
tions of 16 other binary mixtures containing dinitrogen 
tetroxide are reported here. 

Heats of mixin-g at  different concentrations of 16  binary mixtures 

onium donors in Figure 3. Maximum values of heat of 
mixing and concentrations of maximum heat change are 
recorded in the Table. Most of the measurements were 
at  20 "C and reasonably reproducible values were ob- 
tained although the b.p. of dinitrogen tetroxide is 
21.15 "C. Estimated experimental errors are between 

RESULTS AND DISCUSSION 

Previous work l-7 has supported the classification of 
organic solvents under three headings : (a), onium donors ; 
these contain an atom which has one or more lone pairs 
of electrons in s and j5 orbitals, and form molecular addi- 
tion compounds with dinitrogen tetroxide; (b), x-  
donors ; these are aromatic hydrocarbons and their 
derivatives , having electrons available in molecular K 
orbitals, which interact relatively weakly with the x- 
system of the tetroxide molecule; (c), non-donors ; 
typical examples are the aliphatic hydrocarbons, which 
show negligible interaction with the tetroxide. The heat 
of mixing depends upon the polar nature, and the elec- 
tron donor properties, of the organic solvent used. Heat 
is absorbed when dinitrogen tetroxide is mixed with non- 
polar non-donor liquids, and is evolved on mixing di- 
nitrogen tetroxide with polar or donor liquids. In 
Figures 1 4 3 ,  heat of mixing AHM/kJ mol-l, is plotted 
against mole fraction of organic liquid, x2. Results with 
cyclic compounds are shown in Figure 1, with non- 
cyclic compounds in Figure 2, and with some non-cyclic 
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dinitrogeii tetroxide at 20 "C (see Table for labelling of curves) 
FIGURE 1 Heats of mixing of some organic liquids with 

20 and 40 J mol-l. Measurements at -10 "C were the 
same as those at 20 "C within the Limits of experimental 
error. 

Heat is absorbed (AHM positive) when dinitrogen 
tetroxide is mixed with cyclohexane, n-hexane , carbon 
tetrachloride, chloroform, chlorobenzene, and 1,2-di- 
chloroethane, and these solvents are typical non-donors. 
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The heat of mixing curves are not symmetrical with re- 
spect to mole fraction, and plots of AHM against xlxz are 
not linear. The curves are more symmetrical with 
respect to volume concentration, and plots of AHM/V, 

Mole fraction of organic liquid, x2  
FIGURE 2 Heats of mixing (see Table for labelling of curves); 

measurements a t  20 "C, open circles; measurements a t  - 10 O C ,  
filled circles 
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FIGURE 3 Heats of mixing (see Table for labelling of curves) ; 
measurements a t  20 "C, open circles; measurements a t  - 10 O C ,  
filled circles; curve Q is derived from data in ref. 7 

against are linear within experimental error. Vo is 
ideal molar volume, and (bl and (b2 are volume fractions 
of dinitrogen tetroxide and organic liquid respectively. 

Compound formation between the tetroxide and x- 
donors is a property of the solid state, and arises because 

J.C.S. Dalton 
both the N204 molecule and the aromatic ring are flat, 
and have x-systems of similar size which can lie parallel, 
and thus overlap, in a rigid solid. Previous studiesl-7 
of the physical properties of liquid mixtures have pro- 
vided no evidence that compound formation of this type 
can occur in the liquid state. Polar attraction is also 
minimal, so that benzene, toluene, and p-xylene (Figure 
1) show only small negative heats of mixing. Con- 
sistent with this, the heats of mixing with nitromethane 
and nitrobenzene will be determined largely by the 
polar attraction between the nitro-group and the tetr- 
oxide molecule, and it is found (Figures 1 and 2) that the 
heats of mixing are similar in the two cases. The greatest 
evolution of heat occurred on mixing dinitrogen tetroxide 
with onium donors which are polar molecules, vzz. 
acetonitrile, acetic anhydride, diethyl ether, ethyl 
acetate, and diethylnitrosamine, and there is some corre- 
lation between the composition at  which maximum 
heat of mixing is found, and the molecular ratio of the 
solid adducts which crystallise from the mixtures. 
Maximum heat evolution occurred a t  ca. x2 = 0-6 with 
known 1 : 2 onium donors, vix. diethyl ether, ethyl 
acetate, and diethylnitrosamine, a t  x2 = 0.40 with 
acetic anhydride (a 1 : 1 onium donor) and at  x2 = 0.45 
with acetonitrile which forms both 1 : 1 and 1 : 2 solid 
addit ion compounds. 
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Cyclohexanc 
n-Hexane 
Carbon tetrachloride 
Chloroform 
Chlorobenzene 
1,2-Dichloroethane 
Benzene 
Toluene 
p-Xylene 
Nitromethane 
Nitrobenzene 
Diethyl ether 
Benzonitrile 
Acetonitrile 
Acetic anhydride 
Ethyl acetate 
Diethylnitrosamine 

A w l  AEN 
kJ mol-' x2  V ,  (ca1c.j 

2.05 0.37 8.2 80.1 0.950 
1-97 0.33 7.3 85.7 1.636 
1.13 0.40 8.6 76-8 0.724 
0.732 0.44 9.3 71.0 0.385 
0.335 0.38 9.5 78.4 0.351 
0.250 0.45 9-8 70.5 0.243 

-0.208 0.50 9.2 74.2 0.460 
-0.586 0.60 8.9 79.6 0.590 
-1.025 0.55 8.8 84.0 0.703 
-1.45 0.50 12.6 58.2 0.063 
-1.57 0.50 10.0 78.6 0,213 
-2.30 0.60 7.4 79.0 1.456 
-2.51 0.50 10.0 78.8 0.213 
-2.62 0.45 11.2 57.6 0.013 
-3.43 0.40 10.4 76.0 0.113 
-3.77 0.60 8.6 77.6 0.732 
-4.81 0.60 

The list given in the Table arranges the organic liquids 
in increasing order of their total interaction with di- 
nitrogen tetroxide, as indicated by heats of mixing. This 
order is very similar to that derived from other physical 
properties;l* the variations which do occur indicate that 
all properties are not similarly influenced by the two 
main factors, i.e. polar attractions (orientation forces) 
and compound formation. There is a particularly close 
relation between heats of mixing and the deviations of 
vapour pressure from ideal (Raoult's Law) behaviour.6 
The correlation is shown in Figure 4; vapour pressure 
deviations are expressed as percentage deviation of the 
observed pressure (P) from ideality (Po), i.e. 100 (P - 
Po)/Po, and all points lie close to one straight line, which 
does not pass through the origin. 

In contrast, we may relate heats of mixing to other 
properties (e.g. energies of mixing, and dipole moment of 
the solvent) which take no account of donor-acceptor 
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interactions, and the different classes of solvents are 
then clearly distinguished. Ideal solutions are formed 
with zero heat of mixing. Frequently, non-polar liquids 
have positive heats of mixing and theories of regular 
solutions 8,9 relate energy of mixing, EM, to solubility 

-*I/ -4 

parameters, 6, where solubility parameter is the square 
root of energy of vaporisation per ml. 

The heat of vaporisation of dinitrogen tetroxide at 
its b.p. is 9110 cal mol-l,lo and the calculated solubility 
parameter, 6, = 11-57. A positive heat of mixing is 
accompanied normally by an increase in volume, and the 
heat of mixing of a regular solution is greater than energy 
of mixing l 1 9 l 2  by a factor (1 + OX). For dinitrogen 
tetroxide solutions the coefficient of expansion, a, is ca. 
1.7 X whence AHM = ca. 1.5AE'. 

In the Table, energies of mixing per mole for mixtures 
of dinitrogen tetroxide with organic liquids have been 
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A.EM(calc.)/kJ mol-l 

FIGURE 5 Heats and energies of mixing 

calculated at concentrations = 5b2 = 0.5, and in 
Figure 5 the maximum observed heat of mixing is 

8 G. Scatchard, Chem. Rev., 1931, 8, 321. 
B J.  H.  Hildebrand and S .  E. Wood, J .  Chem. Phys., 1933, 1, 

817.  

plotted against energy of mixing. The straight line 
AHE = 1*5AEM falls near points corresponding to 
mixtures of dinitrogen tetroxide with non-donors of low 
dipole moment. All other mixtures fa l l  well below this 
line, and distance from the line provides a measure of 
the sum of donor-acceptor interactions and orientation 
forces. 

A somewhat different picture emerges when the heat 
of mixing is graphed against dipole moment of the organic 
liquid, since the orientation forces between permanent 
dipoles are then taken account of in the variation of 
dipole moment. In Figure 6, a straight line can be 
drawn through most of the known non-donor solvents. 
The aromatic hydrocarbons have zero dipole moments 
and fall below the line because, of all solvents studied, 
they approach most closely to ideal behaviour when 
mixed with dinitrogen tetroxide. Because their shape, 
and the size of the molecules and x-systems, resemble those 
of the tetroxide molecule, they mix readily in the liquid 
state, and do not set up the type of interaction which in 
other cases gives rise to large positive heats of mixing. 

I 
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Dipole moment of organic liquid/D 

liquid and heat of mixing with dinitrogen tctroxide 
FIGURE 6 Correlation between dipole moment of organic 

They are therefore exceptional so far as the treatment in 
Figure 6 is concerned. The only solvents possessing 
appreciable dipole moments which fall well below the 
line are those known to possess strong electron donor 
properties. Nitromethane, which fell below the line in 
Figure 5 because of its dipole, now falls on the line in 
Figure 6, in agreement with its non-donor character. 

Although the correlation with dipole moment in 
Figure 6 is satisfactory for most solvents, dipole moment 
itself does not completely reflect the dipolar character 
of a solvent so far as mixtures with dinitrogen tetroxide 
are concerned. Thus, carbon tetrachloride falls below 
the line in Figure 6. Though the CC1, molecule possesses 
no dipole moment, the C-C1 bond is itself polar, and 
cancellation of identical opposed dipoles is not com- 
pletely effective at  distances of the order of molecular 
dime1 isions. 

lo W. F. Giauque and J. D. Kemp, J .  Chem. Phys., 1938,6, 40. 
l1 G. Scatchard, Trans. Furaduy Soc., 1937, 33, 160. 
l2 J., H. Hildebrand and R. L. Scott, ' Solubility of Non-electr- 

olytes, Reinhold, 3rd edn., 1950. 
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EXPERIMENTAL 

Dinitrogen tetroxide was prepared from lead nitrate.13 
Organic solvents were purified carefully by conventional 
methods. 

Two different calorimeters were used. The first, a 
simplified version of the calorimeter designed by Brown, 
Mathieson, and Thynne,l* was used with cyclohexane, 
acetonitrile, acetic anhydride, and ethyl acetate. The 
mixing vessel was of mild steel, and temperature changes 
were measured with a Beckmann thermometer. Heats of 
mixing with other liquids were measured in a calorimeter 
similar to that used by Addison, Conduit, and Thompson.' 
This calorimeter had a low thermal capacity and small 

heats of mixing gave comparatively large temperature 
changes. Both calorimeters were calibrated electrically. 
Agreement within experimental error was obtained on 
mixing dinitrogen tetroxide with ethyl acetate in either 
calorimeter. 
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