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I. INTRODUCTION

The red fumes of nitrogen dioxide were referred to in 1670 by W. Clark (89),
who called the vapors by the alchemical name ‘“‘the flying dragon.” A century
later (1777) the gas was prepared by Joseph Priestley (319), and in 1816 its
empirical formula was established (296) independently by Dulong and Gay-
Lussac. From these beginnings nitrogen dioxide has continued to grow in tech-
nical importance to the central position which it occupies today in the chemical
industry of every major country.

This review is concerned with the structure, chemical reactivity, and physical
properties of the nitrogen dioxide—dinitrogen tetroxide system. Structurally,
the nitronium (NOF) and nitrite (NO3) ions are of considerable importance in
these problems and their reactions are also considered in outline. As far as
possible, only those reactions are discussed of which the mechanism is known,
and the scope of the review has been deliberately limited to prevent duplication.
Thus, a most valuable compendium (336) of reactions of nitrogen dioxide with
organic molecules was published in 1945, enabling the authors to concentrate in
this field on work done since then. Similarly, for references to work prior to 1935
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on the inorganic reactions of nitrogen dioxide and the nitrites, Gmelin’s Hand-
buch (156) is invaluable.

The chemistry of the NOx>~NyO4 system is very complex. In analyzing a par-
ticular reaction, the first problem is to determine whether NO; or N,O, is the
reacting species. Often, distinction is not difficult: thus, at high temperatures in
the gas phase nitrogen dioxide is overwhelmingly the principal species present,
whereas the pure liquid is almost pure dinitrogen tetroxide. The equilibrium
data necessary to assist in making the distinction are available; these data are
also essential in interpreting many of the physical properties of the equilibrium
mixture. Even when reaction has been assigned either to nitrogen dioxide or to
dinitrogen tetroxide an extraordinary diversity of behavior is found. In this
review, attention is focussed on the principles which allow the initially bewilder-
ing complexity to be analyzed into its components. When this is done, a rela-
tively small number of different types of individual reaction steps (e.g., atom
transfer, addition) is found. It is the combination of these few different types of
reaction in many different ways which leads to the diversity of chemical be-
havior observed.

When the experimental data are analyzed in this way, a number of valuable
generalizations emerge. Dinitrogen tetroxide has for many years been recognized
as the mixed anhydride of nitrous and nitric acids because of its reaction with
water. From this review, the remarkably close parallel between water, alcohol,
and ethers on the one hand and ammonia and the amines on the other both
helps to place the water reaction in perspective and points the way to the still
wider generalization—the formation of NO™ and NO7 as separate entities or as
ion-pairs. This ionization is the key not only to the behavior of the dinitrogen
tetroxide solvent systems, but to nearly all the reactions assigned to dinitrogen
tetroxide also. Thus, ionization is favored by solvents with a high dielectric
constant, by the removal of either the NO7 anion or the NO* cation. The reac-
tions may not stop here, and the many different secondary stages possible confer
the extremely varied chemical properties found. Thus nitroso compounds are
common products, and these include nitrous acid and the nitrites no less than
nitrosoamines. Further possibilities exist in the presence of electron donors such
as metals or anions, and the range of products is widened by the inclusion of
these reactants. But again, ionization, incipient or actual, to NO* NOj is the
key to nearly every change.

Nitrogen dioxide is an odd-electron molecule and a number of its reactions are
those of a free radical. Thus it both dimerizes and undergoes association reactions
with other free radicals, adds to double bonds in unsaturated molecules, and
takes part in hydrogen-abstraction reactions just as the methyl radical does.
Other of its reactions, e.g., photolysis, decomposition, reduction, and oxidation,
owe little to the free-radical properties but form other readily recognizable
classes having much in common with one another. This classification enables
inferences to be made about reactions only partially investigated; without it the
chemistry of nitrogen dioxide would be a maze. The analytical approach may



1072 PETER GRAY AND A. D. YOFFE

divert attention from the particular complex systems but compensates by show-
ing clearly the path which further investigations should follow.

II. PREPARATION OoF NITROGEN DIOXIDE

Priestley, in 1777, was the first (296, 319) to carry out a laboratory preparation
of nitrogen dioxide; he obtained it both by heating lead nitrate and by the ac-
tion of strong nitric acid on copper. Numerous alternatives have been discovered
since, but both of Priestley’s original methods are convenient for small-scale
preparation today. In the United States, but not in Europe, nitrogen dioxide is
now marketed in cylinders.

A. FROM CONCENTRATED NITRIC ACID AND COPPER

‘When metals are dissolved in nitric acid, oxides of nitrogen are usually evolved;
their relative abundance depends on the concentration of the acid and the tem-
perature as well as on the metal. Concentrated (65 per cent and over) nitric acid
at room temperature acts on copper, forming nitrogen dioxide, though later
stages of reaction give rise to nitric oxide and nitrous oxide.

B. FROM LEAD NITRATE

Heavy metal nitrates are decomposed by heat, evolving oxygen and nitrogen
dioxide, and leaving the oxide. Lead nitrate, which may readily be freed from
moisture, is a convenient source of pure nitrogen dioxide.

Pb(NO;); — PbO + 140, 4 2NO,

The lead nitrate is purified by recrystallization and dried at 110-120°C. Decom-
position is conveniently carried out in a Pyrex tube heated electrically. A stream
of dry oxygen carries the nitrogen dioxide over phosphorus pentoxide and into a
cold trap at —20°C., where most of the nitrogen dioxide condenses. The product
so formed should not be contaminated by nitric oxide, which when present forms
nitrous anhydride and gives a green or blue product. Dissolved oxygen is removed
by repeated low-pressure distillation (117).

C. FROM NITROUS AND NITRIC ANHYDRIDES

A practically convenient and theoretically interesting method is the reaction
of dinitrogen trioxide (N,O;) with dinitrogen pentoxide (N3Ojs). Concentrated
nitric acid distilled with arsenious oxide and concentrated sulfuric acid yields
nitrous anhydride (N.0;) mixed with some nitrogen dioxide; a mixture of nitric
acid and phosphorus pentoxide behaves as dinitrogen pentoxide. When these
constituents are mixed, nitrogen dioxide is evolved (326, 327):

NoO3 + N3Oz — 2N,04 = 4NO,

D. FROM THE NITROSYL ION AND THE NITRATE ION

Partington recommends (296), as the best laboratory method of preparing
nitrogen dioxide, the reaction between potassium nitrate and nitrosyl bisulfate
which was discovered (294) by Girard and Pabst in 1878.
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KNO; + NOHSO4 — KHSO, -+ N,04

le.

NOg_ + NO+ i N204

It represents the reverse of the self-ionization of dinitrogen tetroxide.

E. FROM NITRIC OXIDE AND OXYGEN

Though convenient on a laboratory scale, none of the previous methods is
industrially important. On the large scale nitrogen dioxide is made from nitric
oxide by oxidation with air; the nitric oxide itself comes from the nitrogen and
oxygen of the air, either directly or via the catalytic synthesis and oxidation of
ammonia.

This reaction has been investigated experimentally for many years (68) and
is of great technical importance. Its characteristics will be outlined here be-
cause of its theoretical interest and for the light it throws on the chemistry of
nitrogen dioxide. It has two striking properties: (I) it is kinetically a third-
order reaction; (2) the velocity constant, k, decreases with increasing tempera-
ture (57, 58).

Three principal types of solution to the problem have been advanced: (1)
on the collision theory, just as binary collisions can be shown to be the basis of
second-order, bimolecular reactions, so it is suggested that ternary collisions
can explain this third-order one; (2) the transition-state theory attempts to
examine the path which the reaction follows in its course from reactants to prod-
ucts; (3) consecutive bimolecular reactions have also been invoked to explain
third-order characteristics.

1. Triple collisions in the reaction 2NO + Oy — 2NO,

The simple kinetic theory of gases based on a model of rigid spherical mole-
cules implies a definite frequency of binary encounters in a gas, but without fur-
ther assumptions cannot yield a value for the rate of ternary encounters. The
difficulty lies in the definition of what constitutes a triple collision. In 1922
Bodenstein (58) suggested that the relative frequencies of ternary and binary
collisions were in the ratio of molecular diameter (¢) to mean free path (A), or
1:1000 in a light gas at normal temperature and pressure. He pointed out that
for a reaction to proceed at low temperatures at an appreciable rate via ternary
collisions it must have a small activation energy. This approach may be inter-
preted as implying a finite duration, 7, to every encounter. Herzfeld and Steiner
developed this concept (194, 379) and calculated a formula for the frequency of
binary collisions which was further developed by Rabinowitch (321). In the
application of ternary collision theory to this oxidation of nitric oxide we readily
account for the third-order characteristics; the decrease of rate constant with
temperature implies a further requirement—the lifetime r diminishes as the
temperature rises.
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2. Transition-state theory of the reaction 2NO + O, — 2NO,

This theory differs from the collision theory in several ways. Basically its
assumptions require that the reactants associate to form a complex containing
sufficient energy to react. The complex is supposedly in equilibrium with the
reactants; if certain (reasonable) assumptions are made about the nature of the
complex, its concentration and its rate of reaction may be inferred. An elegant
description of the oxidation of nitric oxide has been given in these terms (147,
155). The description may be summarized in the predicted relation

7
107"%; (cc.” mole™ sec.™) = gyII (1 — ¢™3/*7)~Y/1°

where »; represents the vibration frequencies of the activated complex and g,
represents the electronic multiplicity of the activated complex. g; must lie be-
tween 1 (N»0,) and 28 (2NO + O,), and is assumed to be 4 (2NOy).

The value zero is obtained experimentally for the activation energy. Then the
rate as a function of temperature is calculated. It decreases with temperature
initially because of the factor T~°, passes through a shallow minimum, and rises
again as the influence of the terms in » is felt. The minimum value (155) occurs
close to the experimental minimum (68). '

3. Successive bimolecular steps in the reaction 2NO 4 Oy — 2NO,

All the species concerned—nitric oxide, oxygen, and nitrogen dioxide—are
free radicals, and evidence of dimerization has been found in each system. To
avoid the uncertainties of ternary collisions of variable duration it has been
suggested that reaction proceeds through an unstable intermediate association
compound. Two schemes may be set out in terms of (NO); or of NO;:

2NO = (NO), K; mobile equilibrium, rapidly established
(NO); + 0y — 2NO, ky; rate-determining step

The dimer (NO); has been detected in solid, liquid, and gaseous nitric oxide by
magnetic, calorimetric, and x-ray studies.
This pair of equations would imply:

dINOy _
de
with the temperature dependence of k; attributed to the fall of K with tempera-

ture.
The alternative scheme has also been considered (403):

NO + 0, = NO; K’; mobile equilibrium rapidly established
NO; + NO — 2NO,  k3; rate-determining step

ks KINOJ’[Oy] ie., ks = kK

It leads to the equation

d[NOy]

=5 = ks K/[NOP[Os)  ie., ks = ks K’
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The two schemes are very similar. Currently, the NO dimer is supposed to be
a square complex

N=O

O0=N
The NO; may either be similar to (NO)g, or it may be the pernitrite (ONOO)
or the nitrate radical. There is evidence for the oxidation of nitric oxide by the
nitrate radical in the decomposition of dinitrogen pentoxide and for the existence
of the pernitrite radical from the recent work on isotopic exchange (285).
The model of the transition-state theory is closest to the pernitrite-nitric oxide
complex.

III. Tue EquiniBriuM N:O; = 2NO,

Numerous experimental methods have been used to determine the com-
position of the equilibrium mixture in the gaseous, liquid, and solid states;
recently kinetic measurements have been made to determine the rate of attain-
ment of equilibrium in the gas phase.

A. EQUILIBRIUM IN THE GAS PHASE

1. Experimental investigations

The degree of dissociation, ¢, in the gas phase may be derived from measure-
ments of density, D, and pressure, P, or from measurements of pressure and
volume, V.

Species: N0, = 2NO,

Total
Moles: (1 — &)n (2a)n (14 a)n
(PV)aw. = (1 + a)nRT

Thus

BV _ o MP

* T WwRT~ =~ DET
where n represents the total number of moles present expressed as N,O,, and
M = 92.016 is the molecular weight of N:O,. These formulas apply to ideal

gases. Small deviations from ideality may be allowed for by the term A in the
equation

1

PV = RT(1 + M\P) for each species

Three outstanding sets of measurements have been made (59, 411, 433). Their
consistency and their relation to previous data (60, 268, 269) have been assessed
(149). The results are most conveniently expressed in terms of the equilibrium
constant:

K, = P/(1 - a)
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Bodenstein and Boes (59) assumed that in their work at pressures from 0.25
to 0.75 atm. deviations from ideality according to the modified gas equation
PV = RT (1 4 AP) could be satisfactorily represented by Axo, = Aco, and
Anz0, = 2Ayo,. They summarized their results in the equation:

logiy K, (mm.) = —2692/T + 1.75 log T + 4.83T/10° — 7.1447%/10° + 3.062

Verhoek and Daniels (411) worked at pressures above and below 1 atm. They
allowed for gas imperfections in a similar way by setting Ax,0, = 2Axo,; for
Ano, they took Aso,. They expressed their results in a form showing clearly
the influence of gas imperfections:

At 298.2°K. K,(atm.) = 0.1426 — 0.7588 C,
0.3183 — 1.591 Co

308.2
318.2 = (.6706 — 3.382 Cy

C, denotes the total concentration expressed as moles of dinitrogen tetroxide per
liter.

2. Thermodynamic functions for individual species NOy; and N0,

Excellent values for the principal thermodynamic functions of the gaseous
equilibrium were derived from these and other data by the application of the
third law of thermodynamics (149):

Equilibrium AH} ' AHYp 14 ’ AS33s AFj 1

N0, = 2NO, 12,875 cal. ‘ 13,693 cal. i 4221 cal. degree! 1110 cal.

As a result of this work precise values are also available for the entropies and free-
energy functions (F — H3)/T of the individual species. The actual enthalpies
and free energies of formation, however, still rest on experimental work which,
though very good, is also very old (48, 49) and may thus be subject to some un-
certainty. Table 1 lists the principal thermodynamic functions.

TABLE 1
Thermodynamic functions for gaseous NO, and N,O4 at 298.16°K. and 1 atm.
Function NO: N:04
o1, feal. deg.~Tmole™) ... .. ... 57.47 72.73
Sobs. (cal.deg.mtmole™), ... 59.65 77.10
ASY (cal.deg.mimole™). ... i —14.46 -71.12
~(F° — HY)/T (cal.deg.tmole ), ............... 49.202 59.106
AHJ (eal. mole™) ... ..o 7,964 2,239
AF? (eal. mole) .. ... 12,275 23,440
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B. EQUILIBRIUM IN THE LIQUID AND SOLID PHASES
1. Ideal solution

If the equilibrium N,O4 = 2NO, is established in an ideal solution, then the
gases above the solution are also in equilibrium. If they, too, are ideal, then:

K., (solution)/K. (gas) = (P%,0,/P%0,) BT/ Vo)

where K, are equilibrium constants in moles per liter, V, is the volume per mole
of solution, and the P%s are the (hypothetical) vapor pressures of the individual
species in the liquid state.

Thus at a given temperature (K,V,) solution should be a constant for a set of
ideal solvents (145, 266, 292), while

AH (solution) — AH (gas) = Lw,0, — 2Lxo,

The relative velocities of the two reactions are thus altered to this extent,
but whether the rate of dissociation or that of combination or both are affected
cannot be decided.

2. Real solutions

Colorimetric techniques have been used (105, 106, 107, 266) to measure the
fractional dissociation and its dependence on temperature in a number of organic
solvents. In every case K, (solution) < K, (gas) and AH (solution) < AH (gas),
although none of the solutions could be called ideal. Moelwyn-Hughes presents
Cundall’s figures, as shown in table 2.

3. Pure liquid

The pure liquid appears to contain very little of the NO, species. From meas-
urements of magnetic susceptibility Soné (374) concludes that the pure liquid
contains 0.7 per cent nitrogen dioxide.

TABLE 2
The influence of solvent on the equilibrium constant
K. (mole liter™1) = [NO.J2/[N:0.] at 20°C.

Solvent K AH? AEL, — Ag
mole liter~1 cal. cal.

Gasphase.................o.l 382 13,693

SiCla. .o 17.8 20,470 6780
Gt 13.3 19,400 5710
CClg.. v 8.05 18,840 5150
CHCls. ..o oeee i e 5.53 21,210 7520
CHBr,.........oo i 4.79 20,490 6800
gzgzgf} ....................... 3.70 19,350 5660
(O 5 T 2.23 22,180 8490
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4. Pure solid

The solid is assumed to contain only dinitrogen tetroxide. It is diamagnetie
and colorless.

C. THE RATE OF ATTAINMENT OF THE EQUILIBRIUM N0, = 2NO,
IN THE GAS PHASE

At normal temperatures equilibrium in a mixture of nitrogen dioxide and
dinitrogen tetroxide is established too rapidly for conventional methods of
chemical kinetics to be applied. Thermodynamics, however, determines the ratio
of the rates of association and dissociation, and the difference in activation
energies:

N0, —2NO, ki E;= RT'dIn ky/dT)
2NO; - N,O;, ks, E, = RT*d In k,/dT)
ki/ke = K, E;— E, = AH — RT

The accurate thermodynamics of equilibrium developed in Section V are essen-
tial to the interpretation of all attempts to measure the kinetic parameters.

The first attempts (172, 217, 334, 367) were based on a theory, due to Ein-
stein, of the dependence of the speed of sound in a dissociating gas on its fre-
quency. Unfortunately, measurements of this type are sensitive both to im-
purities and to adsorption, and the corrections which have to be applied for gas
imperfection are large. Measurements of absorption of sound are essential; for
precise work they need to be accurately made over a considerable frequency
range (222, 390). However, careful assessment (222) of the best of the disper-
sion measurements (334) allows limits to be set to the possible values of kg,
the first-order rate constant of dissociation:

At 0°C. 3 X 10* < kg (sec.™) < 4 X 10°
At 25°C. kq (sec.™) ~ 7 X 10*

A steady-state flow system, in which a mixture of nitrogen dioxide and dinitro-
gen tetroxide was subjected to a discontinuous pressure change, was used to
overcome some of the previous difficulties. Temperature measurements were
used to follow the return of the system to equilibrium (66). A lower limit of
ka (sec.™) > 8.2 X 10* was found at 1 atm. and 25°C. The chief difficulty of all
these methods is that the dissociation of even as simple a gas as dinitrogen
tetroxide is not a single process. Unless concentrations of individual species are
determined as a function of time, any detected variable must be arbitrarily
identified with a particular combination of processes, and this identification
may be difficult.

Recently, determinations (40, 79) have been made which do reduce some of
the difficulties.

In one (79) a very weak shock wave passing through the mixture causes a
very rapid, adiabatic compression and a sharp entropy change, and raises the
temperature of the gas. The rate of attainment of equilibrium corresponding to
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this new temperature is followed photometrically (in such a way as to eliminate
relaxation processes which arise from energy transfers between vibration and
translation). In the presence of an excess of nitrogen (total pressure = 1 atm.;
temperatures from —20°C. to -+28°C.) the dissociation followed second-order
kinetics (equation 3a):

d[N;04/dt = Fk3[N,][N5O4] (3a)

with ks = 2 X 10" exp(—11,000/RT) liter mole™ sec.™, while the limiting first-
order rate constant kg = 10" exp(—12,900/RT) sec.” Thus at 25°C. ks = 6.4 X
10* sec.!

In the other method (40) a steady-state system is used. A stream of NO; +
N0, is subjected to an almost instantaneous (10~ 4 sec.) compression. Enthalpy
is supplied over a period ranging from 1 m. sec. to 1 u sec. The quantity measured
—a net entropy gain—is not a single concentration change but is characteristic
of the system as a whole; all relaxation processes are involved and their roles
must be assessed. It is found, on the present evidence, that molecules of nitrogen
and molecules of dinitrogen tetroxide are not very different in efficiency of trans-
ferring energy.

The results of these two (40, 79) modern methods are in substantial agree-
ment (189). They are expressed below in terms of relaxation time, 7, to equilib-
rium at 25°C. as a function of pressure, p.

Pressure (atm.)................... ... 0.27 0.47 0.65
Relaxation time (usee.).............

From the first-order dissociation rate constant and the equilibrium constant the
second-order association rate constant may be shown to be 5.2 X 108 1. mole™
sec.” at 25°C. If the activation energy of association E, is assumed zero and the
molecular diameter oo, set at 4.6 A., then the steric factor in k, = PZ; exp
(—E./RT)isP =5 X 107,

IV. PHYsICAL PROPERTIES oF THE EQUILIBRIUM MIXTURE

Solid, liquid, and gaseous systems will be considered in succession, and it will
be seen that the mobile equilibrium makes its influence felt in the gaseous state.
Much old work (up to 1935) is listed in Gmelin’s (156) excellent German text
and is referred to only briefly here. In recent times the work of Giauque and
Kemp (149) on thermodynamic properties, of Sage (332, 335) on volumetric be-
havior, and of Addison (5, 6) on electrical properties is noteworthy.

A. SOLID NITROGEN DIOXIDE

At low temperatures nitrogen dioxide is a colorless solid. Between —30°C. and
~20°C. it is pale lemon-yellow; at the melting point (—11.2°C.) it is honey-
colored (156). X-ray powder photographs taken at liquid-air temperatures
(191, 409, 410) show that it is a body-centered cubic lattice with twelve NO,
or six NyOs molecules in the unit cell. Studies on single crystals at —40°C. con-
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firm this and give for the size of the unit cell a = 7.77 & 0.01 A. (70), corre-
sponding to a density of 1.95 g. cc.™ The density of the solid has been recorded
by previous workers (55, 156) as the result of direct measurements (262) and of
x-rays (55, 409).

Temperature........... —253°C. —195°C. “Liquid air” | —79°C, | —40°C.
Density (g. ce.™)...... 2.0 1,981 1.94 1.902
1.976 1,942 1.896 1.95

The expansion coefficient (a) of the solid, calculated as a mean coefficient of
cubical expansion between —79°C. and —195°C., is 3.6 X 107*°C.™*

The specific heat, C,, has been measured from 16.80°K. to near the melting
point (149). It increases monotonically without any transitions occurring in
the solid. At the melting point C, is 26.51 cal. deg.™ (mole N:Os)™". The change
of 6.14 in the molar specific heat on melting (from 26.51 to 32.65 cal. deg.™
mole™) implies that new degrees of freedom other than translation, which can
account for only 3 cal. deg. ™ mole™, have come into play. However, the Raman
spectra of the liquid and the solid are the same (262).

The vapor pressure of the solid from 240.3°K. to 261.90°K. (149) may be repre-
sented by the equation:

logi P (int.cm.Hg) = —2460.000/T + 9.58149 + 7.6170T/10° + 1.51335T7/10°

The triple point 1s 261.80°K. (—11.2°C.) (149); at this point the vapor pressure
above the system is 13.978 int. em. of mercury. The latent heat of fusion (meas-
ured e}ectrically) i$3502 =& 3 cal. mole™"; the entropy of fusion is 13.37 cal. deg.™
mole .

These values lead to a cryoscopic constant K, (= molar freezing-point depres-
sion per 100 g. of dinitrogen tetroxide) of 48° against the experimental value of
41° (73, 324, 325).

The dielectric constant (e) of solid dinitrogen tetroxide at —40°C. was found
to be 2.6 (355).

B. LIQUID NITROGEN DIOXIDE

Liquid nitrogen dioxide darkens from a yellow color at low temperatures as
the temperature is raised. (Impure specimens are often colored green, owing to
the presence of small amounts of nitrous anhydride.) Nitrogen dioxide can be
strongly supercooled below its triple point (—11.2°C.). Vapor pressure measure-
ments have been made down to —110°C. It can exist as a liquid up to the critical
temperature, 158°C.

The density of the liquid has been measured as a function of temperature by
various workers (45, 64, 263, 303, 351, 396). The most complete modern work is
that of Reamer and Sage (332), who have measured the specific volume of the
liquid as a function of temperature and pressure from 22°C. to the critical
temperature. At 0°C. the density is 1.4905 g. cc.™'; by 20°C. it is 1.447. The spe-
cific volume (cc. g.7*) has been measured between 0° and 20°C. and has been ex-
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pressed (64) by the formula:
Veo. = 0.67037 + 10.075(:/1000) + 3(:/1000)*

The specific heat (cal. deg.™ mole™) of the liquid increases from 32.65 at the
triple point to 33.9 at the normal boiling point, 21.15°C. (149).

The vapor pressure of the (supercooled) liquid has been measured as follows:
down to —110°C. (330, 351); between the triple point and the normal boiling
point (149) with great precision; and up to the critical temperature (263, 350,
352).

Typical values are given below:

Temperature Vapor Pressure Temperature Vapor Pressure
°C. mm. °C. mm.,
—100* 1.1* 0.84 266
—-80 5.3 10 454
—25 70 15 569.4
—-11.2 139.8 21.15 760.0

* For the supercooled liquid.
In the temperature range 261.9° to 294.9°K. (149) the equation:
logy P (int.cm.Hg) = —1753.000/T -+ 8.00436 — 11.80787T/10* 4 2.0947%/10°

holds with accuracy.
High-pressure results (up to 120°C.) have been represented by the equation:

log p (mm. Hg) = —1325.6/T 4 3.354 log T — 0.8950

though the tabulated results of Schlinger and Sage are to be preferred. A tabula-
tion is given below:

Temperature Saturation Vapor Pressure Temperature Saturation Vapor Pressure
°F. p.5.4.a. °F. p.sd.a.
100 30.69 250 543.9
150 91.06 300 1160.1
200 235.01 316.8 1469.0

Under atmospheric pressure liquid nitrogen dioxide boils at 294.25°K.
(21.15°C.). The calorimetrically measured latent heat of vaporization at the
boiling point is 9110 = 9 cal. mole™ (149); the difference between this value and
that calculated from the Clausius—Clapeyron equation is small. The molecular
elevation of the boiling point (100 g. of solvent) is 13.7°C. (138, 140). The stand-
ard entropy of vaporization at the normal boiling point is 30.96 cal. (deg. mole
N209)™. (This high value reflects the change in the degree of dissociation in
liquid and gas.)

Critical constants have been measured recently (332) and P-V isotherms of
dinitrogen tetroxide in the neighborhood of the critical point accurately mapped.
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The critical constants are T, = 158.2°C., P, = 99.96 atm., and V; = 165.3 cc.
mole™. These confirm previous determinations (45, 350, 351) and diminish the
uncertainty.

It is interesting tonote that T = 2T} closely. The volume of the solid at abso-
lute zerois 46 cm.? (¢f. 165.3 = V).

The surface tension, v, of the liquid at 20°C. is 26.5 ergs ecm.™ (156) and the
molar surface energy, vV, is 423.5 ergs (328, 329, 351).

The viscosity, # (in dynes sec. cm.™), of the liquid has been recently remeas-
ured (335) over a range of temperatures (40°F. to 280°F.) and pressures (1
atm. to 330 atm.), confirming and extending previous work (38a, 397, 399). It
is found that 4 varies only slowly with pressure. Typical values of 5 are given
below:

tCC) 0 10 20

102 » (poises)......... 5.275 4.68 4,18

/A Gl O R 40 100 160 220 280
p (pPsia).cooin 30.7 111.2 332.8 864.1
108 5 (poises)......... 4990 3420 2235 1325 570

Various formulas have been suggested to represent the temperature dependence;
e.g.

n (poises) = 28.155/(140.89 + )™
¢ is given in °C.

Electrical and optical properties have recently been remeasured (5). Liquid
nitrogen dioxide has been recognized as a poor conductor of electricity since the
first measurements of its electrical conductivity by Faraday (129); the conduc-
tivity o increases with temperature, as the data below indicate:

T (CY.viniii.. 7.3 13.6 19.5 20.4
1.17 1.7 2.24

The temperature coefficient of resistance (1/R)(dR/df) is 8.5 X 107 ohm
em.”" deg.” (5). These measurements completely supersede previous work.
The dielectric constant, e, of the liquid at 15°C. is 2.42, corresponding to a
molar polarization P = 26.5 cc. (6).
The refractive index has been measured (6) as a function of wavelength, and
the Cauchy formula

Na = N + a/N

has been used to derive n,, and from it the molar refractivity. The values found
are as follows:

4358.3 4916.4 5460.7 | 5893 ©
1.442 1.431 1.424 1.420 1.394

These correspond to a molar refractivity B, = 15.2 ce.
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Solubilities in liquid nitrogen dioxide parallel those in diethyl ether; because
of its low dielectric constant it is not a good ionizing solvent and in it carboxylic
acids are associated. In general it may be stated that no inorganic salts dissolve
in it. Because of its reactivity, numerous compounds which are dissolved by
liquid nitrogen dioxide may also undergo some reaction. The dinitrogen tetroxide
solvent system is considered in more detail in Section VIII.

C. GASEQUS NITROGEN DIOXIDE

The saturation vapor pressure of nitrogen dioxide has been measured from
—110°C., when it is 1 mm. of mercury, up to 158°C., when it is 100 atm. ; already
at 150°C. decomposition to nitric oxide and oxygen is apparent and by 600°C.
it is complete. These temperatures limit the effective range over which the vapor
has been quantitatively studied. At the normal boiling point (21.15°C. at 76.00
cm.) the vapor is brown. As the temperature is raised and the proportion of
nitrogen dioxide is increased, it darkens. At 150°C. it is black.

1. Equation of state; denstity; expansion and compressibility coefficients

The gas density has been measured directly by numerous workers (156);
especially careful work was done by Natanson and Natanson in 1885-86 (268,
269). The different measurements were correlated by Giauque and Kemp (149).
Densities derived from combined data summarized in terms of equilibrium con-
stants are, at low pressures, more reliable than any single set of results. These
remarks are equally true of the measurements made on the saturated vapor (45,
351). The most recent determinations comprise values of the specific volume of
the gaseous system for temperatures from 22°C. to 165°C. and for pressures up
to 400 atm. The results of these measurements are presented as tables and graphs
of specific volumes and compressibility factors (352).

For common purposes the effect of the mobile equilibrium far outweighs gas
imperfections. However, equations of the form PV = RT(1 -+ AP) have been
used at relatively low pressures for each of the species present (59, 411) and equa-
tions of state have been proposed for the mixture in terms of pressure and density
(25a) or in the form of the van der Waals equation with values of ¢ and b de-
rived from critical data (350). In all the aspects of the behavior of the gas the
shifting equilibrium makes itself felt.

The expansion coefficient, @« = (1/V)(@V/dT),, at 1 atm. passes through a
maximum at 40°C. as the temperature changes (112, 113):

ECC)
10 o (°C7). ool

26.7
888

35.4
1008

39.8
1215

49.6
1207

60.2
1137

70.0
946

80.6
781

135
367

By 135°C. it has the value 0.00367 deg.™, characteristic of an ideal gas.
The expansion coefficient and compressibility have been explicitly related (382).
2. Specific heat, thermodynamic functions, thermal conductivity

The specific heat at constant pressure of the equilibrium mixture shows a
similar maximum (50, 51, 52, 247) at about 62°C. It is another consequence of
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the dissociation equilibrium, and the theory of the effect has been worked out by
Eucken (126). This is the reason for the otherwise astonishing specific heat
values quoted in tables. If « is the fraction dissociated and AH the heat of dis-
sociation, then:

Cp = C% 4 of203° — C3*° + a(l — &)AHY/2RT?

The ratio C,/C, has been measured both by the method of Clement and De-
sormes and by measurements on the speed of sound. For pure nitrogen dioxide
the value ¥ = 1.31 may be extrapolated.

The thermodynamic functions for the equilibrium mixture of gaseous nitrogen
dioxide at its normal boiling point were part of the primary experimental data
of Giauque and Kemp and have been discussed in Section III.

The thermal conductivity & in cal. (cm. sec. deg.)™ varies with the temperature,
passing through a maximum at about 65°C. (131, 252, 253). By representing the
conductivity k as the sum of two contributions, k, due to the separate constitu-
ents of the mixture and k; due to the effect of altering the equilibrium, Nernst
(270) was able to derive an explicit formula for %:

_ agoDP (. RT\/ AH\a( — o)
’““AHWQ RAIC ﬁ>——(1+ay

3. Optical and electrical properties

The refractive index of the vapor (108, 121) has been split into contributions
from the separate constituents:

NOy, n = 1.000509; N:O,, n = 1.001123

The dielectric constant of the gaseous equilibrium mixtures has been measured
by a number of workers, and although the older measurements are not very
precise, all the results are in substantial agreement (37, 148, 424, 425, 439) and
undoubtedly the most authoritative is that of Schultz (359). Completely different
interpretations have been advanced to explain the dependence of the dielectric
constant on temperature and pressure in terms of the two species. On one view
(87, 148, 424) dinitrogen tetroxide is assigned zero dipole moment; this requires
that nitrogen dioxide should have a finite dipole moment diminishing rapidly
with temperature. The other view (349, 359) rejects temperature-dependent di-
pole moments and instead suggests that both nitrogen dioxide and dinitrogen
tetroxide have finite dipole moments of 0.286 and 0.371 D, respectively. The argu-
ments advanced (359) in support of the latter view command more respect. A
different opinion based on a selection of the controversial points has recently
been expressed (19).

The absorption of light by the gaseous equilibrium mixture is discussed in
Section VII,E under the photolysis of nitrogen dioxide. Dinitrogen tetroxide is
transparent to wavelengths in the visible; nitrogen dioxide absorbs very strongly
throughout the visible range.
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4. Adsorption of gaseous nitrogen dioxide

In its manufacture from the oxidation of nitric oxide by air nitrogen dioxide
is, of course, formed in the presence of an excess of nitrogen. Among proposed
methods of concentrating it have been its adsorption on and regeneration from
various active surfaces. This has stimulated research into its adsorption on
numerous surfaces—glass, active carbon, silica gel. Glass (159) becomes covered
with a monolayer of nitrogen dioxide at room temperatures and pressures of
0.5 to 1 mm. of mercury. Active carbon at 20°C. absorbs some 28 per cent of its
own weight of nitrogen dioxide; desorption at 150°C. is accompanied by some
oxidation of the carbon (360). The heat of adsorption on silica gel varies from
4600 to 7500 cal. per mole of N;O4 (383); the isotherm has the classical form (331).
A systematic study has been made of both its adsorption from its mixtures with
air (288, 331, 360, 378, 383) over a range of temperatures and pressures and its
desorption by a stream of hot air (331) or by heating (378).

V. PuysicaL PropErTIES OF THE INDIVIDUAL SPECIES (NO;, N2O4)

Some of the physical properties considered in Section IV are conveniently de-
scribed in terms of the equilibrium mixture. It is more convenient, however, to
deal with some other physical properties in terms of the individual species.

A. NITROGEN DIOXIDE MONOMER

1. Paramagnetism

Nitrogen dioxide is an odd-electron molecule (seventeen ‘“valency” electrons)
and is paramagnetic. The paramagnetism gives to nitrogen dioxide a volume sus-
ceptibility x = 3 X 107 c.a.s. units (190), in good agreement with the gquantum
theory prediction (412) for a magnetic moment due only to one electron:

_ 4(Vu)S(S + 1)
X 3RT

in terms of O: = xu(NOy)/xx(02) = 0.390, the theoretical value being 0.375.
Thus the quantum numbers J = S8 = 14 and L = 0, and the ground state is
designated *Z.

The electronic multiplicity of g is given by the general formula and the con-
tribution to the entropy is R In 2.

g=1+{SS+1)+JJ+1) — LEL+1)}/2J(J +1) =2

This g-factor enters both the transition-state theory of nitric oxide oxidation
(147) (and nitrogen dioxide decomposition) and the statistical calculation (149)
of entropy.

4+ Na

2. Ionzzation polential and electron affinity

Different values have been reported for the ionization potential of nitrogen
dioxide (318, 373). Kandel (213a) has recently obtained a value of 9.91 e.v.
(228.5 keal.) from appearance potential studies using nitromethane.
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The electron affinity of nitrogen dioxide has been derived from empirical
though consistent values of the lattice energies of the nitrites as 1.62 e.v. (37.3
keal.) (320).

3. Bond lengths and angle

Nitrogen dioxide is an isosceles triangle. The side (N—O) = 1.188 =+ 0.004
A.; the ONO angle is 134° 4’ = 15’ (71, 267). These values come from recent
infrared measurements in the 1.4 to 3.4 u region; they lie within the limits of the
best existing electron diffraction (88) data, which give 1.20 == 0.02 A. and 132 =
3° and yield a value for the product I1l,I; of the principal moments of inertia of
1.44 X 107" g.® em.®, in agreement with thermodynamic data (149). These values
do not support the assignment made in recent microwave studies (246).

4. Vibration frequencies

Although the fundamental frequencies were assigned correctly on the basis of
observations in the ultraviolet (179, 181), two of the three fundamentals have
been observed for the first time only recently (428). The observed fundamental
frequencies (cm.™) are: » = 1322.5 & 0.2 (symmetrical stretching), v, = 750.9 &
0.4 (bending), and »; = 1616.0 = 0.2 (asymmetrical stretching).

The six anharmonicity constants have also been listed: xi; = 7.1, x2 = 16.0,
x13 = 33.4, x2 = 8.1, x3s = 8.2, xa2 = 15.9, and the zero-order frequencies (cm.™)
deduced: w; = 1361.4 £ 1.7, we = 770.2 £ 6.6, w3 = 1668.6 = 1.7.

5. Thermodynamic functions for nitrogen dioxide

As a result of the work of Giauque and Kemp (149) precise values are available
for the entropies S° and free-energy functions (F° — Hp)/T of nitrogen dioxide.
These were actually based on the accurate data available on the 2NO + O, =
2NO; equilibrium (60). They are in close agreement with values which can now be
calculated from formulas of statistical mechanices such as the equation:

(F° — HY/T = —--:;-RlnM—-ALRlnT—-glnIlIgIa—-Rlng+Rlna

8 .
— 257401 -+ Zl (F{™/T)

and, in fact, Giaugue and Kemp used this equation to deduce a value of I,1,I;,
the product of the principal moments of inertia being not then known. The actual
enthalpies and free energies of formation, however, still depend on the enthalpy
of formation of nitric oxide, which has not been precisely measured since 1880
(48, 49). The principal thermodynamic functions are listed in table 1.

6. Dipole moment of nitrogen dioxide

As the molecule is angular it is expected to possess a non-zero moment. Knowl-
edge of this dipole moment depends on the interpretation of dielectric constant
measurements on the equilibrium mixture at different temperatures (see Section
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IV,C,3). All recent experimenters are agreed that this lies between 0.58 and
0.28 Debye units. Two opinions exist: (1) that it is constant and equal to 0.286
D (358), and (2) that it is dependent on temperature and varies from 0.3 at
125°C. to 0.58 at 25°C. (424). This calculation of the temperature-variable dipole
moment contains serious inconsistencies, but permits a zero moment for di-
nitrogen tetroxide The other calculation (425) is self-consistent, though it
implies a non-zero dipole moment for dinitrogen tetroxide.’

B. DINITROGEN TETROXIDE

1. Diamagnetism of dinitrogen tetroxide

Dinitrogen tetroxide has an even number of electrons and is diamagnetic
(190, 300, 301, 374). The most recent determination of the molecular suscepti-
bility is xar = —30 X 107° c.a.s. units (374).

2. Bond lengths and angles in dinitrogen tetroxide

The structure of dinitrogen tetroxide is considered in Section VI,B.

3. Vibration frequencies in dinttrogen tetroxide

The spectrum of the equilibrium mixture is extraordinarily rich in lines, and
assignment of the twelve possible fundamental frequencies is still not undisputed.
The older data have been summarized by Sutherland (381) and by Harris and
King (180). Work on infrared absorption (305, 429) and Raman spectra (240,
261) is still in progress. One assignment that has been suggested is (427):

v = 1334; v, = 811; »3 = 265; vs = 160; v5 = 1722; v = 320
V= 684, Vg = 500, Vg = 1747, Vio = 430, v = 1240, Vg = 748

The work of Giaugue and Kemp, which assumed one classically excited vibration,
gave excellent agreement between theory and experiment and is evidence against
any internal rotations.

4. Thermodynamic functions for dinitrogen tetroxide

The principal thermodynamic functions for dinitrogen tetroxide are listed in
table 1. In the evaluation of these quantities the starting points were the cal-
orimetrically measured entropy of a mixture of gaseous nitrogen dioxide and
dinitrogen tetroxide, the calculated entropy of pure gaseous nitrogen dioxide,
and the composition of the mixture. These permitted calculation of the entropy,
S°, of dinitrogen tetroxide. From S° and an assumed assignment of vibration
frequencies, including one very low frequency with (classical) energy kT, an

expression for
A (F" - H3>
T N;0»2NO0,

¢ The origin of this conflict may lie in the size of the atomic contribution to the total
polarization P, For a molecule with a long nitrogen-nitrogen distance this may be excep-
tionally large.
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was obtained. This expression could be reconciled with all the experimental data
(viz. AF®/T) by one very precise value of AHJ; this satisfactory solution con-
firmed the basic correctness of the assumed single classical frequency and defi-
nitely excludes free rotation, for example, of the NO; groups.

6. Dipole moment of dindtrogen tetroxide

As for nitrogen dioxide, information about the dipole moment of dinitrogen
tetroxide comes mainly from dielectric constant measurements on the equilib-
rium mixture. Two interpretations have been suggested. The first is that dini-
trogen tetroxide has zero dipole moment and that nitrogen dioxide has a tem-
perature-dependent one (424). The second is that dinitrogen tetroxide has a
dipole moment of 0.371 D (359). Independent measurements on liquid dinitrogen
tetroxide (19) show that if the Onsager formula:

(e — n°)(2¢ + nﬁ}
e(n? + 2)?

is applied to refractive index and dielectric constant data for the liquid, a value
u~ 0.5 Dis found.

(4xNW/OKT) = (M/p>{

VI. StrucTUrRAL RELATIONS BETWEEN NITROGEN Dr1oxipE AND Its
DERIVATIVES AND THE STRUCTURE OF DINITROGEN TETROXIDE

Previous sections have dealt with the species NO, and N,0, on an equal footing,
In a discussion of structural aspects it is more satisfactory to consider the different
derivatives of nitrogen dioxide and to treat dinitrogen tetroxide as a particular
instance of combined nitrogen dioxide. Thus we may deal with the following
sequences: (1) nitronium ion, NOF; nitrogen dioxide, NO,; nitrite ion, NO3;
hydronitrite ion, NO3~; (2) derivatives of the type XNO,; (8) derivatives of the
type YONO.

A. THE SERIES NOF, NO,, NO7, axp NOj~

1. The nitronium ion, NO7

The nitronium ion is now well known in sulfuric acid solutions of, for example,
nitric acid, dinitrogen pentoxide, ethyl nitrate, and dinitrogen tetroxide (203).
Numerous crystalline derivatives have also been prepared, including compounds
of the anions C107, FSO7, HSO7, HS,07, $:077, 8015, NO7, BF:, SnF; , PFy,
AsF5, SbFs, and AuFy (see 157, 265).

The nitronium ion has sixteen valency electrons and is thus isoelectronic with
CO,, N3, BOz, and numerous other linear triatomic groups. It, too, is linear and
is also symmetrical. Evidence for this comes from infrared spectra (392), Raman
spectra (85, 87, 152, 203, 203a, 204, 260, 380a) and x-ray crystallography (100, 125,
171). The spectroscopic measurements yield consistent values for the three
fundamental frequencies (cm.™): », = 1400; »(2) = 537; »3 = 2390. Values
for the N—O bond distance (&.) lie between 1.06 (125) and 1.15 (171). In table
3, which lists these values, 1.10 & 0.05 has been listed.
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TABLE 3
Influence of number of valency electrons on shape, size, and force fields in the NO, series
Species NO3 NO; NO3 NO%’

Number of valency electrons (2p)............. 16 17 18 19
Interbond angle. ..............covviinenninins 180 134 115 110?
N—O bond length...................ooveentn ~1.1 1.188 1.24 1.3
Vibration frequencies (cm.™1):

Symmetrical stretehing, »1.................. 1400 1361 1325 1285

Deformation, va............ 537 770 831 885

Asymmetrical stretching, »... 2390 1668 1360 1200
Example of isoelectronic species. . COz BF; [o 1} FOq

2. Nitrogen dioxide, NOg

Nitrogen dioxide has seventeen valency electrons and is unique. No isoelec-
tronic species have been investigated, though the similar molecule PO,, the ions
FNO+ and OF, and the radical BF, may exist. It is not linear. Evidence for its
structure comes from electron diffraction measurements (88), which give
r(N—O) = 1.20 = 0.02 A. and the apical angle = 132 == 3°, and more recently
and more precisely from infrared fine-structure measurements in the 1.4-3.4 u
region (71, 267). From these data n(N—O) = 1.188 - 0.004 A. and the apical
angle = 134°4 4 15’. These lead to a value of I,[,]; in satisfactory agreement
with the calorimetric entropy (149). A recent microwave investigation (246)
appears to rely on a faulty assignment.

The observed fundamental vibration frequencies (428) are listed in table 3.

8. The nitrite ton, NOg

The nitrite ion has eighteen valency electrons and is isoelectronic with ozone.
Like ozone, it is non-linear. This is proved by the appearance of its fundamental
frequencies in both infrared (423) and Raman (224, 273) spectra. The funda-
mental frequencies are listed in table 3. Two recent x-ray measurements on
sodium nitrite have yielded values for bond lengths and angles in approximate
agreement: 1.233 A. and 115.7° (78) and 1.247 = 0.035 X.and 1142 = ¢4° (398).
It is interesting to note that the interbond angle in ozone is 116° and in the similar
sulfur dioxide molecule is 119°. The electronic transitions in the nitrite ion have
been discussed (404). Both oxygen and nitrogen are centers of electron density.

4. The hydronitrite ion, NO3~

The hydronitrite ion, if stable, would have nineteen valency electrons and
would be isoelectronic with the (hypothetical) fluorine dioxide, with chlorine
dioxide, and with the ion FO%. Evidence for its existence rests on the existence
of the sodium salt Na,NQ,. This has been obtained as a brilliant yellow solid
from the reduction of sodium nitrite by sodium in liquid ammonia (255, 440). The
jon NO3~ would be expected to have structural properties intermediate between
those of ozone and fluorine monoxide; this interesting compound deserves further
investigation.
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5. General relations

In table 3 are listed the bond lengths, vibration frequencies, and interbond
angles. This series NOJ, NO,, NOz, NOj~ is unique in the opportunity it affords
for testing valency theories of molecular structure. The correlations are most
striking (413). Increase in the number of electrons from sixteen to eighteen leads
to a steady decrease in interbond angle and an increase in bond length. The force
constants for bending and for asymmetrical stretching also vary markedly. The
symmetrical stretching frequency is much less affected.

B. THE SERIES XNO; anD YONO

Nitrogen dioxide structure may also be considered in relation to combined NOs.

1. Nitro compounds, XNO,

In covalent compounds of the type XNO,, where X is a univalent group, the
electron distribution in the nitro group may reasonably be expected to be be-
tween the extremes of NO7 and NO3. In the series NOF, NO,, NO7 the ONO
bond angle and other properties alter markedly as the number of electrons al-
ters. Thus, in the compounds XNO; we might reasonably expect the ONO angle
to lie between 180° and 115°. This is always so. Furthermore, on a simplified
view, the ONO angle might be expected to lie between 180° and 134° when X
is more electronegative than NO,, giving the molecule some of the character of

X—lJ\rI02 and between 134° and 115° when the character is }E—No2. Unfor-
tunately, sufficient accurate structural data are not available to reveal these dif-
ferences of bond lengths and angles. However, the same considerations apply to
the force fields and to the vibration frequencies and in them this type of in-
fluence may be detected (187), the asymmetrical stretching frequency (cm.™)
shifting from 1550 (ethyl) through 1567 (methyl), 1592 (tribromomethyl), and
1610 (trichloromethyl) to 1625 (trifluoromethyl).

The dipole moment of the —NO; group in organic derivatives is for aliphatic
nitro compounds 3-3.3 D and for aromatic nitro compounds 4-4.2 D (132).

2. Covalent nitrites, YONO

In the nitrites the symmetry of NOy is destroyed and the two O—N links take
the character of single and double bonds. Apart from some early determinations
(339, 340) there are no structural data. Spectroscopic work has been done, how-
ever, on nitrous acid (207, 289, 384) and the nitrites (386). For nitrous acid 1.46
and 1.20 A. are reported for the single and double oxygen-nitrogen bonds with
an interbond ONO angle of 114° (¢is form) and 118° (¢rans form) (385).

C. THE STRUCTURE OF DINITROGEN TETROXIDE

Three types of evidence are available—analogy with similar systems, chemical
reactivity, and physical properties—and the best of these is physical. However,
the different pieces of physical evidence are not in close agreement and evidence
from chemical reactivity may be helpful. Argument by analogy with similar
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systems unfortunately is not easy, because not all the structures of the closely
related species have been determined and those which have are quite different
from one another: viz., the nitric oxide dimer is a square molecule (120, 291),
while solid dinitrogen pentoxide is an ionic array of NOF and NOj ions (171,
392); dinitrogen trioxide is disputed (228, 290), and the analogous halogen oxides
(227) have not been investigated structurally.

It is clear also that there are potentially three different problems, as the struc-
ture of dinitrogen tetroxide species in the solid, liquid, and gaseous states may
not be the same. However, no change in Raman spectrum occurs on melting,
and the infrared spectra of solid and gaseous dinitrogen tetroxide are the same
(160, 262). Three structures have to be considered:

0 0 0 0
. ./ RN
N—N\ O—N\ /N—O 0\ /O—N\
0/ 0 0 N 0
Ia, Ib II III

In I the molecules are linked symmetrically through an N—N bond. In Is
the molecule is planar; in Ib the two NO, planes are perpendicular.

In ITT the link is unsymmetrical; the molecule III is a true acid anhydride like
gaseous dinitrogen pentoxide.

In structure IT a bridge formula, similar to that successful in interpreting the
boron hydrides and the nitric oxide dimer, is suggested (242).

1. Physical evidence

The existing physical evidence is as follows:

(a) Solid dinitrogen tetroxide has a cubic lattice. An assumed model (Ia) with
N—N = 1.64 A., N=0 = 1.17 &, and the ONO angle = 126° enabled possible
x-ray reflections and F factors of a Fourier synthesis to be predicted. Experi-
mental observation of x-ray patterns from a single crystal revealed 75 per cent
of the reflections expected and gave F factors with average discrepancies of 16
per cent (70). No other models were tried.

(b) Infrared and Raman spectra. The spectra are very rich in lines (429) and
assignment is not easy. Millen (262) states that there is a lack of coincidences in
the infrared and Raman spectra. This would be produced by a molecule with a
center of symmetry. Models Ia and IT have a center of symmetry; models Ib
and III do not.

In the Raman spectrum there is a strong line at 273 cm.™ which Millen assigns
to the nitrogen-nitrogen stretching in model Ia (262).

(¢) The entropy S° and free-energy functions (F — Hj)/T have been measured
and correlated with accurate equilibrium data (149). These values are not
compatible with free internal rotation. Model IT has no internal rotation. The
energy barrier to rotation in model I which is necessary (47) to explain the ob-
served entropy is 8.5-9.2 kcal. mole™ . This is extraordinarily large in a molecule
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requiring only 13 kcal. to dissociate completely. Model III has two possible in-
ternal rotations and the same arguments apply against it.

(d) Dielectric constant measurements on the vapor (19, 358, 424) have been
variously interpreted. It has been suggested (241) that in dinitrogen tetroxide
there is an unusually large atomic contribution to the total polarization of the
molecule and that this has obscured the interpretation.

(¢) Theoretical calculations have been made on the basis of model Ia which
lead to predicted values for bond lengths as follows: N—N, 1.57 A.; N=0,
1.21 &. The authors (81) consider this good agreement with x-ray studies (70).

2. Chemical evidence

In Sections VIII and IX the chemical behavior of dinitrogen tetroxide is con-

sidered more fully. The following points may be made:

a. There is ready exchange of N*°O5 between tetramethylammonium nitrate
dissolved in liquid dinitrogen tetroxide as the solvent, i.e., ionization of
dinitrogen tetroxide yielding NOj is easy (90). This is clearly true of II
and III; for I, the extra assumption of easy oxygen-atom transfer is re-
quired.

b. When dinitrogen tetroxide dissolves in an ionizing medium it yields NO*
and NOj7; the degree of ionization increases with the dielectric constant of
the solvent.

c. With alcohols, nitrites and nitrate ion are formed; nitrates which are
rapidly formed by NOj are never found.

d. With secondary amines, nitrosation again occurs.

e. With ethers and tertiary amines complexes are formed which appear to
be derivatives of the solvated nitrosonium ion NO™.

f. With metals, again nitrate ions and nitric oxide are formed.

g. With olefins and acetylenes, when addition occurs, the most recent work
suggests addition of a free radical as NO, and not as NOFNO3.

The chemical evidence may be summarized as continually demonstrat-
ing the ease and readiness of the following reaction (28)

N,0; — NO* + NO3

and the complete absence of the alternative heterolysis to NO3 and NOg,
even as an intermediate stage. All three formulas are consistent with the
ready homolysis to two nitrogen dioxide molecules; the facility of this
reaction is the central difficulty in interpreting the chemical evidence, since
at any instant pairs of nitrogen dioxide molecules are always present (even
if only during the act of collision with all the configurations I to IIT shown).
Nevertheless there is no doubt that superficially the chemistry of dinitrogen
tetroxide is more readily explained by formula II or IIT than by formula I.

3. Analogy with stmilar systems and general principles

Pauling (304) pointed out that a formula of type I violated his empirical
adjacent charge rule and that the combination of a long, weak nitrogen—nitrogen
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bond with strongly restricted rotation is not superficially attractive. However
the molecule B;Cly has recently been proved to be planar, although it has a long
boron-boron distance (31b). Dinitrogen tetroxide is isoelectronic with the oxa-
late anion (Section XIII,E), which is also planar. Formula Ia is in accord with
the physical evidence presented and is the currently accepted model.

4. The jon NOF~

When sodium hyponitrite, NasNyOy, is oxidized with liquid dinitrogen tetroxide
compounds of the formulas Na,N,0; and Na,N,0O, are formed (10). Little is yet
known of their chemistry. Solid Na;N.0, is denser than water. It is not readily
wetted. As it is wetted, nitrous oxide is slowly evolved.

The formulas I, IT, and IIT have been suggested for the unionized parent acid
and III is considered most likely (10). No structural measurements have yet
been made.

0 oH 0 OH oH
N/ N/ /
I ) )

N N N
/N AN RN
HO 0 00H 0 00H
I I1 I1T

VII. TuE REACTIONS OF NITROGEN DIOXIDE

A. GENERAL CONSIDERATIONS

This section deals with the chemistry of the species NO; and Sections VIII
and IX with that of N,O4. Usually little difficulty arises in ascribing a particular
reaction to nitrogen dioxide or dinitrogen tetroxide: thus liquid-phase reactions
at low temperatures involve dinitrogen tetroxide and gas-phase reactions at
high temperatures involve nitrogen dioxide. There are exceptions; in particular,
reaction with unsaturated compounds. The only kinetic data available refer to
the high-temperature gas-phase additions, where nitrogen dioxide is clearly the
reactant. The other data, which come from liquid-phase studies, have been dealt
with at the same time. This is supported both by the most recent work, which
does suggest that they are reactions of nitrogen dioxide and not of dinitrogen
tetroxide, and by practical convenience.

Nitrogen dioxide is an odd-electron molecule and a number of its reactions
belong to classes typical of free radicals: for example, association reactions with
other radiecals, including its own dimerization, addition to unsaturated systems,
and hydrogen-abstraction reactions. Other of its reactions such as photolysis, de-
composition, reduction, oxidation, and its role in flames owe little to its free-
radical character. A great amount of experimental work has been based on the
use of nitrogen dioxide as a sensitizer of chemical reactions and explosive igni-
tions. For this reason these are treated, but in outline only, as they afford little
information about nitrogen dioxide itself.
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Throughout, attention is focussed on the individual steps and similar individual
reactions are classified together. Although precise kinetic data are not always
available for every example, this approach indicates where new data are par-
ticularly desirable and permits comparative estimates to be made in the mean-
time. Superficially this approach may appear to be made at the expense of the
complete description of any given complex reaction but the conventional ap-
proach, if required, is to be found in most papers and reviews.

Two particularly useful summaries may be mentioned: Johnston’s review
(208) of the reactions related to the decomposition of NyQjs, which is altered but
little by newer data, and Bachmann, Hass, and Hewett’s summary of hydro-
carbon nitration (35).

B. THE ASSOCIATION OF NO; WITH OTHER RADICALS

When free radicals collide they may either separate without forming a stable
chemical bond or they may combine. Internal rotations and vibrations may serve
as a temporary store for the energy of recombination until it can be passed on in
collisions, and it is possible for recombination to have second-order kinetics
though at low pressures it will be third order.

When nitrogen dioxide is one of the radicals, two distinct associations are
possible (163): nitro compound formation or nitrite formation. When association
yields a nitrite XONO through O—X bond formation, the O—N bond strength
is low enough for its fission to follow rapidly, yielding the alkoxy radical and
nitric oxide. Thus the alternatives are:

X 4+ NO, —» XNO, Association

X 4+ NO, - X0 + NO Metathests

The observed rate of metathesis is strongly influenced by the strength of the
oxygen—nitrogen bond and such reactions form a quite separate class (see Sec-
tion VIL,E). For the association reaction detailed kinetic data are not always
available, for many of these reactions have been observed only in complex sys-
tems and not studied in isolation. Frequently, however, the reverse reactions -

XNO; —» X + NO,

have been followed and sufficient information about them gathered to increase
the population of this class of reaction considerably.

1. Assoctation with atoms
The reaction

H 4 NO; — “HNO,”

was postulated as a step occurring in the nitrogen dioxide-sensitized reaction
between hydrogen and oxygen (236). If “HNO,” is nitrous acid, reaction is
exothermic by some 80 keal. and association is probably rapidly followed by
formation of HO and NO. When fluorine reacts with nitrogen dioxide, atoms of
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fluorine associate rapidly with NO, after a slow initial reaction:
Fy, + NO; — F + FNO,
F 4+ NO; + M — FNO;, + M

The association reaction is third order at the low pressures (~2 mm.) studied
(32, 306).

Chlorine atoms and nitrogen dioxide behave similarly; the second-order uni-
molecular decomposition of nitryl chloride proceeds by the exact reverse of the
steps above (96) and the association

Cl + NO; + M — CINO; + M AH = —29,500 kcal.

is third order at pressures of a few millimeters. At 500°K. K. (mole cc.”’) =
(CD(NO,)/(NOLCI) = 9.6 X 107%,

2. Association with radicals

Association to nitro compounds and to nitrites has been observed with many
radicals. With hydroxyl radicals, both types have been observed in reverse and
association to nitric acid has also been detected (210, 211).

NO; 4+ IO = IINO;

At pressures below 1 atm. the dissociation of nitric acid becomes second order;
hence association to nitric acid at low pressures requires a third body. The ex-
perimental activation energy of 40 keal. for the dissociation of nitric acid is lower
than the HO—NO; bond dissociation energy of 52 kecal.

Hydroxyl radicals may also associate to yield pernitrous acid, HOONO, since
the pyrolysis of pernitrous acid (174) has been demonstrated to yield HO + NO,
(175, 195, 225). Nitric oxide and nitrogen trioxide, no less than nitrogen dioxide,
are radicals and all may associate with one another. The dimerization of nitrogen
dioxide has been described in Section ITI. At atmospheric pressure it is second
order; by 0.5 atm. 1t is third order with zero or negative activation energy. The
second-order velocity constant for association corresponds to a steric factor of
5 X 107° if the molecular diameter of nitrogen dioxide is set at 4.6 &.

Association with nitric oxide yields dinitrogen trioxide. If 100 volumes of each
are mixed at atmospheric pressure the composition changes have been given as
(2, 116):

N204 NO: NO N20s Total
Before mixing........... 68 32 100 —_— 100
After mixing............ 62 38 04 6 100

corresponding to equilibrium constants:
N02 + NO = NzOs
K, (atm.™) = —2.105 + 45.63 Cy,o0,
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AG® = - 441 cal.
AS® = —30 cal. deg™

Experiments with isotopic nitrogen show that the activation energy of oxygen
exchange is 10.5 keal. If the formula of dinitrogen trioxide is ONONO, then this
is close to the enthalpy of dissociation. It has been suggested, however, that
dinitrogen trioxide is ON - NO, (290).

With nitrate radicals («NOj;) association yields dinitrogen pentoxide. Both this
association and the reverse reaction have received much attention at the hands
of the interpreters of the decomposition of dinitrogen pentoxide and allied reac-
tions. The isotope-exchange reaction (285) between N3°0, and N,Oj is rapid in
the gas phase and solution; it occurs by association and oxygen-atom transfer.
For the association reaction:

NO; + NO; 2, N,0,  AH ~ —18 to —22 keal,

and ky, = 4 X 10° liter/mole sec., corresponding to 4 = 2 X 10 and E = 1 =+
4 keal.

Association of nitrogen dioxide with oxygen molecules has been postulated
(285) to explain the exchange reaction between 03° and 03° in the presence of
dinitrogen pentoxide. The product is written as a pernitrate radical, NOg.

Of the association with alkyl radicals, numerous examples are known; it is
the actual step by which nitroparaffins are formed in the vapor-phase nitration of
hydrocarbons (35, 36, 146a, 178, 184, 197, 342, 436). Association is also en-
countered in other systems: e.g., the pyrolysis and photolysis of alkyl nitrates
(161, 229) and the reaction between nitrogen dioxide and tetraethyllead (72, 251)
or acetaldehyde (249). In reverse, it has been postulated as the initial step in
nitroparaffin pyrolysis (99, 142, 170). Actual experimental evidence is available
for association to nitro compounds for the following alkyl radicals: methyl (35,
36, 72, 161, 178, 184, 197, 229, 342, 436), ethyl (35, 36, 184, 197); n- and sec-
propyl (36); n-, sec-, iso-, and tert-butyl (36, 342); n- and sec-amyl (436).

No kinetic data are available, though they might be expected to have much
in common with, for example, the analogous reactions:

AH Steric factor
CH; + CH; — C,Hs —86 keal. P =1
NO; + NO; — NyO, —13 keal. P =5 X 107°
CH; + NO; —» CH;NO, —57keal. P=7?

From a recent study of these systems (163) several generalizations emerge:
(1) Association to nitro compound is easy and stabilization is easy. (2) Associa-
tion to nitrite is easy but stabilization is difficult because to prevent subsequent
O—N bond fission energy equivalent to 20 kcal. mole™ has to be dissipated. Be-
cause of this nitrites are not formed directly in the gas phase, though they may
be formed in solution. (8) Low temperatures and high pressures of an inert gas
favor association.

The only example of direct nitrite formation by radical-radical association
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occurs in solution between nitrogen dioxide and triphenylmethyl radicals when
trityl nitrite is formed (353), as well as the nitro compound.

The perfluoroalkyl radicals C,Fa,; behave in the same way (188). They form
nitro compounds readily, and no nitrites have been isolated from the system. It
is also likely that trichloromethyl radicals associate to form chloropicrin; the
decomposition products of chloropicrin can be readily explained (163) by postu-
lating dissociation as the initial step.

The association reaction with alkoxy radicals to form an alkyl nitrate plays an
important part in nitrate pyrolyses, as was first suggested by Phillips (308).

RO 4 NO; — RONO,

Thus, added nitrogen dioxide has been found to retard the decomposition of
nitrates and to lead to the formation of ethyl nitrate in the pyrolysis of ethyl
nitrite (313). The pyrolysis of a nitrate (which principally yields information
about the reverse of association) is a first-order reaction down to a few centi-
meters pressure and thus the corresponding associations do not show the need
for a third body. All the associations (equation above) liberate some 35-40 keal.
mole™.

Further details of these associations may be found in descriptions of the pyrol-
yses of, for example, methyl nitrate (29, 162, 168, 169), ethyl nitrate (3, 162,
168, 169, 229, 308), n-propyl nitrate (166, 229), sec-propyl nitrate (166), and
tert-butyl nitrate (229).

C. ADDITION OF NITROGEN DIOXIDE TO UNSATURATED COMPOUNDS

The addition reactions of dinitrogen tetroxide have been known for many
years; work up to 1944 is described by Riebsomer (336). Addition has been in-
terpreted in various ways, and the last word has not been said. The most recent
evidence (348, 349) favors free-radical attack by NO, species. The older view was
(38, 232, 233, 234, 235) expressed in terms of complete or incipient heterolysis
to NOF and NOj. Little kinetic evidence is available, although useful compara-
tive studies have been made on nitryl chloride.

1. Addition fo olefins

Reactions have been studied in the gaseous and liquid phases between pure
reactants and in solution (232, 336). Solvents which have been used are diethyl
ether, ethyl acetate, and dioxane. Reaction in solution is carried out at low tem-
peratures by passing a stream of gaseous olefin through the solution of nitrogen
dioxide at —10° to —25°C.;liquid olefins are added dropwise. The primary prod-
ucts of reaction appear always to be dinitro compounds and nitro-nitrites, often
in nearly equal proportions (232). Secondary reactions give rise to other species;
nitro olefins, nitro nitrates, and nitro alcohols have all been found. In the gas
phase at elevated temperatures addition is followed by complete oxidation. In
the liquid phase oxidation is diminished by the presence of the solvent (232).

AN / N
=0 + NO;, —» C—C—NO; (78)
/ VAR
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[ L) Lo
—C—C—NO, + NO; —» —C—OC— and—C—|C—ONO (7b)

* | |
NO; NO, NO,

In solution, ethylene reacts slowly at atmospheric pressure, giving 1, 2-dinitro-
ethane and 2-nitroethyl nitrite (which in turn yields the nitrate). Propylene and
the butylenes react rapidly, giving the 1,2-dinitro compounds and S-nitroiso-
propyl nitrate and nitro-tert-butyl nitrate. Addition of the first NO. seems always
to form the nitro compounds, the second NO; may yield either nitro compound
or nitrite.

Kinetic studies in the gas phase have been made of the reaction of nitrogen
dioxide with ethylene and propylene (97, 98). Reaction was followed photomet-
rically, and simultaneous measurements of pressure were made. Analyses of the
final gaseous products, but not of the intermediate stages, were made. The results
for ethylene between 160° and 280°C. gave a kinetic expression which could be
fitted to the equation

—d[NO,)/dt = A[NOyJ}C,H,]

although the exponents differed slightly from whole numbers and % was not the
same over the whole temperature range. From 160° to 220°C. k = 10*° exp
(—12,500/RT); from 220° to 280°C. k = 10™° exp(—18,000/RT). It was
thought that addition was the primary step and that simultaneous reactions
with different activation energies were proceeding. The products of addition are
dinitroethane and 2-nitroethyl nitrite. At 150°C. Levy (231) found that very
little dinitroethane remained, but that nitroethylene and nitroethanol were
among the main products. At these temperatures the concentration of dinitrogen
tetroxide is far too small to account for the observed rate (despite the factor
[NO,)®) and the rate equation has been attributed to reaction 7a being fast and
7b rate-controlling (393).

Similar behavior is shown by propylene (98); the reaction is about three times
faster than with ethylene, and again follows the kinetic equation

—d[NO,]/d¢ = K[NO,]'ICsHy]

with & (liter? mole™ sec.™) = 10*" exp(—13,600/RT) between 160° and 260°C.
Below 160°C. the activation energy is lower. No analyses are recorded.

The products of addition to unsymmetrically substituted olefins offer an op-
portunity of deciding the mechanism. Methyl acrylate and other acrylic esters
have been studied (348, 349). It is found that addition of NO, at the terminal
position occurs exclusively by C—N bond formation The second NO, is added
as either C—ONO or C—NO.. The same type of addition takes place irrespective
of the electronic demands of the group attached to the unsaturated system. This
evidence also argues against addition of N;O, as an electrophilic reagent.

Some reactions of fluorinated olefins and nitrogen dioxide have been reported
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(30, 54, 91, 186). Thus from CFy=CF,;, CF;~—CFCl, and CF;s—=CCl, dinitro
compounds have been isolated (186).

Work on the addition to olefins of nitrosyl and nitryl chlorides (44, 69, 317,
336, 348, 364, 380, 4041a) is also of value in interpreting the behavior of nitrogen
dioxide.

2. Addition to acetylenic compounds

Kinetic measurements have recently been made on the gas-phase reaction
between acetylene and nitrogen dioxide between 170° and 220°C. (393). Reac-
tion is second order, with & (liter mole™ sec.”*) given by 10" exp(—15,000/RT).
It is suggested that reaction involves addition of NO, in two steps, forming the
dinitrite derivative; the kinetics require addition of the first NO, group to con-
trol the rate. The glyoxal produced in this reaction is said to be formed from the
ethylene dinitrite. At low temperatures the reaction between acetylene and di-
nitrogen tetroxide takes place very slowly (77).

The addition reaction with tolane (CeHz;C=CC:H;) in ether at 0~-25°C. has
been examined (77). The products of reaction were c¢s- and {rans-dinitrostilbene
and 5-nitro-2-phenylisatogen. A free-radical mechanism is proposed to account
for the cis addition; the formation of the isatogen derivative may be explained
on this basis.

The products of the reaction of numerous acetylenic systems have been tabu-
lated by Riebsomer (336). (See also reference 354a.)

The addition of nitryl chloride to simple acetylenic systems has also been
studied (69); CIC=CCI gives Cl,C=CCINOQs.

8. Addition to aromatic systems

Many references to the reaction between aromatic compounds and nitrogen
dioxide are listed by Riebsomer (336). Mixtures of aromatic hydrocarbons react
in the gas phase with nitrogen dioxide to give nitration products. Reaction may
be brought about by heating to 80°C. in sealed tubes, by heating to higher tem-
peratures in diluted gas mixtures, by the action of light (A 4000-7000 A.) at
55-60°C., or by a glow discharge in a Siemens tube.

A mechanism proposed recently by Titov (401) for the high-temperature reac-
tion is essentially addition of NO, followed by abstraction of a hydrogen atom by
further NO,:

0N H
NO,
/ N

| | + 2X0, - + NO, — + HNO,
/

Subsequent stages are given a more complex interpretation (401).
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The interaction of nitrogen dioxide and aromatic compounds forms a part of
the reaction between pernitrous acid (HOONO) and aromatic compounds (174,
175, 195, 225). Pernitrous acid both hydroxylates and nitrates benzene; it under-
goes homolytic fission to give hydroxyl radicals and nitrogen dioxide:

HOONO — HO + NO,

(In agreement with this suggestion, pernitrous acid is found to initiate the
polymerization of methyl acrylate.) The mechanism proposed is free-radical ad-
dition of hydroxyl to give an aryl radical, which then associates with NQ,. The
type of product is illustrated in substituted benzenes, CsII;X, by A, B, and C:

X X NO, X

OH

< OH A\
H I NO,
. ) e

Vi
NO, H
HO H
A B C

These addition compounds break down by elimination of H,0, HONO, and H,;
for example, some of the reactions are as follows:

X
%
| + HO0
7N 0,
/ X
/ OH
A + HNO,
\ X
\ OH
+ H,

O,

NO,
on
B—m——— 4+ HX
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X
7
| + HO

/‘ 0,

Y
X
C -—>©+HN02

\ X

(Lo
oo

It is found that hydroxylation nearly always occurs in the ortho or para position
in substituted aromatics and nitration exclusively in the meta position. Alterna-
tive schemes, e.g., involving ionic species such as NOF and NO®, have been ex-
cluded by the work of Robinson and coworkers (174, 175, 195). A similar mech-
anism has been suggested (225) for the formation from pernitrous acid and
quinoline in aqueous acetic acid of 6- and 7-nitroquinoline:

OH o OH

H
N N 4 N
NO, —H,0 0:N
" O,N -
N7 N N7 N\ N7

Some of the reaction products obtained with pernitrous acid and benzene are
given in table 4.

TABLE 4
Products of reaction of pernitrous acid and some aromatic compounds (175)
Non-phenolic Products Phenolic Products
Material
Major Minor Major Minor
C¢Hs........| CeHsNO: CeHsCsHs 0-0:NC¢H.OH Ce¢H:0H
2-CeH4(NO2): p-CsHy(NO2)OH
1,3,4-CsH3(CeHs) (NO2)OH
1,2,4-CsH;OH(NO32)2
CeHsCHs.. .| CHCsHiNO3 —_ 1,2,8- and 1,4,2-
Ce¢H:CHO CeHs(OH)(CHs)(NO3)
CeHeNOs...| m-CeHa(NOz)2 | 0- and p-CeHa(NO3)z | 0-, m-, and p-CsHa(NO2)OH
CeHsCL . ... m-CeHi«CINO2 | p-CeH4CINO: 0-CsH:CIOH
2,4,1-CsHs(NO2)CI(OH)



CH.CtH.NOi

1102 PETER GRAY AND A. D, YOFFE

D. HYDROGEN-ABSTRACTION REACTIONS

To its free-radical character nitrogen dioxide owes another characteristic
mode of reaction—abstraction of hydrogen from an organic molecule to leave an
alkyl radical.

RH 4 NO; — R+« + HONO (1)

Obviously such a step is easier the weaker the original R—H bond. Thus this
hydrogen-abstraction reaction initiates gas-phase nitration and oxidation of
hydrocarbons, and it is found that attack is easiest on tertiary C—H bonds and
hardest on primary. In the reactions of aldehydes with nitrogen dioxide the alde-
hydic C—H bond of RCHO is considerably weaker than in hydrocarbons; in
fact, oxidation of an aldehyde is observed at temperatures 200° lower than the
oxidation of a hydrocarbon. Conversely, olefinic and acetylenic C—H bonds are
stronger, and addition takes precedence over hydrogen abstraction.

The initial step (equation 1) is rapidly succeeded by secondary reactions of the
alkyl radical. Prominent among these are nitration (equation 2) and oxidation
(equation 3).

R + NO; — RNO; 2)
R + NO; — RO + NO 3)

All the overall reactions are complex. Their extents are dependent on tempera-
ture, pressure, and the presence of catalysts and involve many different types of
individual steps, so that detailed kinetic information is often incomplete. How-
ever, initial abstraction of a hydrogen atom is able to account satisfactorily for
the observed properties in the examples following. The subsequent steps such as
radical-radical association and metatheses are dealt with elsewhere in this re-
view. Here overall reactions are described only in outline, attention being fo-
cussed on the initial step.

1. Hydrogen abstraction from hydrocarbons: the nitration of paraffins

The lowest members are the least reactive members of the series of normal
paraffins. With propane and higher hydrocarbons reaction occurs more readily
and mixtures of nitro compounds are formed (146a, 183a, 232a, 407a). At low
temperatures the ease of abstraction (342) increases from primary through
secondary to tertiary hydrogen. At intermediate temperatures, lower nitro-
paraffins are formed by degradation of higher hydrocarbons; for this reason
nitromethane is manufactured from propane and not directly from methane
(183a).

At still higher temperatures, three visually distinet modes of reaction are pos-
sible: (1) slow reaction, (2) emission of blue luminescence, (3) violent explosion
(436).

The homogeneous gas-phase reaction between methane and nitrogen dioxide oc-
curs only at relatively high temperatures (436). There is no appreciable reaction
below 300°C. (182). Between 350° and 450°C. nitromethane is formed in a second-
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order reaction (178). For this reaction:
d[CH;NO,]/dt = k[NOyJ[CH,]
k (liter mole™ sec.™) = 10° exp(—21,000/RT)

At temperatures above 430°C. formaldehyde predominates among the products
(144, 370). Above 450°C. explosion is possible (436); the final products are water,
carbon monoxide, carbon dioxide, and nitric oxide. The course of the reaction is
probably: ‘

CH, 4 NO; — CH; + HONO
HONO — HO + NO
CH, + HO — CH; + H,0
CH; 4+ NO, — CH;NO,
CIH; 4+ NO; — CH;0 + NO
CH;0 + NO; — CH,0 + HONO
CH;0 + OH — CH,O -+ H,0

Propane reacts between 250° and 360°C., giving a mixture of products among
which 2-nitropropane predominates, especially in the early stages (118). The
principal products are 2-nitropropane, l-nitropropane, nitromethane, and nitro-
ethane; in addition, small amounts of 2,2-dinitropropane, acetone, carbon mon-
oxide, and nitric oxide are formed. The range of composition may be illustrated
by the following extreme values of products formed at 423°C.: nitromethane,
9-49 per cent; nitroethane, 6-36 per cent; l-nitropropane, 2-35 per cent; 2-
nitropropane, 545 per cent. The reaction is affected by homogeneous catalysts
such as chlorine and oxygen by virtue of their own ability to generate alkyl
radicals, by reactant ratios, and by reactor temperature. Increased temperature
favors nitroethane at the expense of 2-nitropropane. Common solid catalysts
(Fe,03, By0;) and salt-like catalysts have no effect (33, 34, 35, 118, 184).
The reaction mechanism may be summarized:

(CH;),CH. — 2-nitropropane
CH30H20H3 + X (NO2, C]., 02) b d
CH;CH,CH,+ — 1-nitropropane
(CH,),.CH+ 4+ NO, — (CH;),CHO-. + NO
— CH;CHO -+ CHj;¢ — nitromethane
CH,CH,CH, - — CH;CH,CH,0 — CH,O + C,Hjz* — nitroethane
(CH3);CHNO; — 2-nitropropane
(CH;);CHO+ 4 X (NO,, Cl, O, R) — acetone

Less detailed data are available for the higher hydrocarbons. The nitration of
n-butane by nitric acid (34, 184) is initiated by hydrogen abstraction, but the
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agent is probably HO and not NO,. Isobutane yields much more of the tertiary
isomer, (CH;);CNO; (342). Pentane has been studied at 220-300°C. (346),
the consumption of nitrogen dioxide being followed photometrically. Nitric
oxide is the most abundant gaseous constituent. Secondary nitroparaffins pre-
dominate, though small amounts of nitrites and primary nitroparaffins are
formed. For hydrocarbons above Cs Riebsomer’s review may be consulted; rela-
tively little recent work has been published.

The results of studies on the vapor-phase nitration of hydrocarbons by nitro-
gen dioxide may be summarized as follows: (1) The initial step is hydrogen ab-
straction. This occurs most easily from a tertiary or a secondary carbon atom;
in the normal series the rate of reaction increases from methane to pentane.
(2) Substances which themselves abstract hydrogen, e.g., oxygen and chlorine,
catalyze the reaction. (3) Side reactions subsequent to the initial step increase
in importance with increasing temperature, forming lower radicals and nitro-
paraffins.

2. Hydrogen abstraction from aldehydes

The success of hydrogen abstraction in explaining the reaction of nitrogen
dioxide with paraffins encourages its application to the reaction of nitrogen
dioxide with aldehydes. In paraffins as the C—H bond energy diminishes in the
series primary, secondary, tertiary, so attack by nitrogen dioxide is facilitated.
The aldehydic C—H link is still weaker and the same mechanism gives a satis-
factory explanation:

RCHO + NO; — RCO + HONO

Differences in subsequent behavior are due to differences in the properties
of Re and RCO-.. There is no stable RCO-NO, corresponding to a nitro com-
pound and oxidation is favored.

RCO 4+ NO, — RCO; + NO
RCOz — R + 002
R + NO; — RNO; ete., as before

Only the simplest aldehydes have as yet been studied quantitatively. The slow
gas-phase reaction between formaldehyde and nitrogen dioxide has been studied
manometrically in a mixture containing HCHO -+ 2NO, (314) in the tempera-
ture range 118-184°C. Reaction is homogeneous and at 150°C. obeys the relation

dp/dt = k[NOJ[HCHO)]
Below 160°C. k (liter mole™ sec.™) = 10" exp(—15,100/RT)
Above 160°C. k (liter mole™ sec.™) = 10° exp(—19,000/RT)

The products of reaction are nitric oxide, carbon monoxide, carbon dioxide, and
water; hydrogen is not found. Traces of nitrogen and nitrous oxide may be
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present. The relative proportions of carbon monoxide and carbon dioxide at a
given temperature are independent of the relative concentrations of formalde-
hyde and nitrogen dioxide. Reaction has been interpreted in terms of hydrogen
abstraction (394) according to the following scheme:

HCHO 4 NO; — CHO -+ HONO
CHO + NO, — HCO, 4+ NO
CHO 4 NO, — CO + HONO
HCO, 4+ NO; — CO, 4+ HONO
2HNO,; — H,0 + NO + NO,

giving
dp/dt = K[HCHO][NO,]
and
g{gg]] = constant
2

in agreement with experiment.

Acetaldehyde also reacts readily with nitrogen dioxide in the temperature
range 100-150°C. (72, 249). The reaction has been followed by optical absorp-
tion (249) and by infrared analyses of formaldehyde and nitrogen dioxide (72).
Both sets of experiments lead to the expression:

Rate of reaction = kF[CH;CHO][NO,]
The more detailed study gives
k (liter mole™ sec.™) = 10" exp(~—13,500/RT)

Three moles of nitrogen dioxide per molecule of acetaldehyde are required. The
principal products are water, nitric oxide, and carbon dioxide; acetic acid and
carbon monoxide are not formed in significant amounts, but methyl nitrate,
nitromethane and, in the later stages of reaction, methyl nitrite have all been
detected. The mechanism is:

1. CH;CHO + NO, — CH;CO + HONO

2 2HONO — H,0 + NO + NO,

3 CH;CO + NO, — CH;C0OO0O 4 NO Principal reactions

4, CH;COO — CH;. + CO,

5. CH; + NO; — CH;0 + NO

6 CH; + NO; — CH;3NO; |End products from

7 CH;0 4+ NO, — CH;0NO, early stages

8 CH;0 4+ NO — CH;ONO End product from late

stages
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The acidic residue reported by McDowell and Thomas (249) may have arisen
from hydrolyzed nitrite; they reported a slightly different velocity constant,
k = 10**° exp(—16,000/RT). Glyoxal oxidation is also considered to be initiated
by hydrogen abstraction (394). The gas-phase reaction between 160° and 210°C.
is homogeneous and second order, the value of k (liter mole™ sec.™) being given
by:
k = 10*® exp(—19,800/RT)

The products of reaction are nitric oxide, water, carbon monoxide, carbon dioxide,

and glyoxylic acid ; the relative amounts of carbon monoxide and carbon dioxide
vary with the initial concentrations of reactants. The scheme proposed is

(CHO), + NO, % COCHO + HONO
2HONO — H,0 + NO + NO;
COCHO + NO; — CO,CHO + NO
COCHO + NO; — COCO + HONO — 2C0
CO,CHO + NO; — C0,CO + HONO — CO + CO,
CO,CHO + (CHO), — COOHCHO + COCHO

3. Hydrogen abstraction from ethers, alcohols, ketones, and acids

Dimethyl, diethyl, dipropyl (n- and sec-), di-n-butyl, and methyl n-butyl
ethers have been nitrated in the vapor phase at 400°C. (185). Nitro ethers are
formed and, in addition, all the possible nitroalkanes are produced after fission
of the carbon-oxygen and carbon—carbon bonds. The e-hydrogen atoms are not
attacked, though all other hydrogen atoms can be replaced. The results are
summarized in table 5.

Under these conditions the alcohols ethanol, 1-propanol, 1-butanol, and 2-
methyl-1-propanol do not yield nitroalcohols but form lower nitroalkanes after

TABLE 5
Products of reaction between ethers, alcohols, ketones, and nitrogen dioxide

Compound Nitrated Products Identified
Dimethyl ether............... Nitromethane
Diethylether................. Nitromethane, nitroethane, 8-nitroethyl ether
Diisopropyl ether............. Nitromethane, 2-nitropropane, g-nitroisopropyl ether
Di-n-propyl ether............. Nitromethane, nitroethane, 1-nitropropane
Methyl terét-butyl ether....... Nitromethane
Di-n-butyl ether.............. Nitromethane, nitroethane, 1-nitropropane, 1-nitrobutane
Ethanol..............coovvvnes Nitromethane
1-Propanol........covvvennnnns Nitromethane, nitroethane
1-Butanol.......ovveeriinnnes Nitromethane, nitroethane, 1-nitropropane
2-Methyl-1-propanol, ..} Nitromethane, nitroethane, 2-methyl-2-nitro-1-propanol
Acetone.............. .| Nitromethane
Diigsopropyl ketone........... Nitromethane, 2-nitropropane, 2,4-dimethyl-2-nitro-3-pentanone, 2,4-dimethyl-1.
nitro-3-pentanone
Di-n-propyl ketone........... Nitromethane, nitroethane, l-nitropropane, l-nitro-4-heptanone, 1,1-dinitropro-

pane
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fission of carbon—carbon bonds (185). It is possible that nitrite formation is the
initial step.
Acetone and the two symmetrical dipropyl ketones give mononitroketones
and nitroalkanes, though cyclohexanone produces only adipic acid (185).
Propionic acid yields g-nitropropionic acid (185). Formic acid reacts at a
measurable rate at 200°C., the products being quantitatively carbon dioxide
and nitric oxide (311).

4. Hydrogen abstraction from other organic compounds

Nitromethane is attacked by nitrogen dioxide in the temperature range 400-
500°C.; the principal products are formaldehyde and nitric oxide (178). The
reaction has been written:

CH;NO; + NO, — CH,NO, -+ HONO
CH,NO, — HCHO + NO

although there is as yet little evidence in support of this.

E. METATHETICAL REACTIONS

1. Oxidation by nitrogen dioxide
NO; + X —- NO + X0

In this class of reaction an oxygen atom is transferred from the nitrogen dioxide
molecule. The geometry of the intermediate state X - -O- - -NO must have much
in common with a nitrite, and thus factors which influence association reactions
may also influence metatheses. However, the step following association will
play a part at least equally important. Oxidation by nitrogen dioxide cannot be
expected to belong to the same class of reactions as association and addition
(¢f. 415). Many oxidations by nitrogen dioxide are known. The examples con-
sidered here may all be written:

NO; + X — NO + XO

where X may be an atom (H, N, O, Na), a radical (C,Hznt1, CuF2st1, CH;CO,
CCl;), an odd-electron molecule (NO, NO,;, O, NOj;), or a normal molecule
(CO, 80,, NOCI). When detailed kinetic information is lacking about these re-
actions, it may be supplemented by thermodynamic data and by kinetic data
for the reverse reaction. The principle of detailed balancing then enables valid
inferences to be drawn about the forward reaction.

(a) Oxidation of atoms by nitrogen dioxide

Additions of nitrogen dioxide have a pronounced effect on the hydrogen-
oxygen reaction, especially near the explosion limits (Section VII). Among others,
the reaction

H + NO;— HO + NO  AH = —30 keal. mole™
has been postulated (31); the species HNO, may be an intermediate (236).
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Nitrogen atoms react to form two molecules of nitric oxide:
N + NO, — 2NO AH = —78 keal.

This reaction occurs when nitrogen dioxide is used to quench the strong after-
glow of nitrogen from air streaming through an electrodeless discharge; the same
reaction occurs during the neutron irradiation of nitrogen dioxide (183). If more
nitrogen dioxide or nitric oxide is added, the oxygen afterglow, due to the com-
bination of oxygen atoms and nitric oxide, appears.

NO+N—->-N,+ O AH = —75 keal.
O + NO — NO, AH = —71 keal.

Still further additions of nitrogen dioxide (but not nitric oxide) quench the
oxygen afterglow

NO; + O — NO + 0O, AH = —45 keal.

by reacting with oxygen atoms. This reaction of nitrogen dioxide with oxygen
atoms also occurs in its photolysis. The activation energy is close to 4 keal.
mole™!; at room temperature one in every 10° collisions leads to reaction (193,
361, 375).

The reaction between sodium atoms and nitrogen dioxide has been investi-
gated by the Polanyi diffusion flame technique (42). Reaction was ascribed to:

Na 4+ NO; — NaO + NO AH ~ 0

and a second-order velocity constant (liter mole™ sec.™) of 6 to 1.5 X 10 with
E ~ 2.4 kcal. inferred.

(b) Oxidation of free radicals by nitrogen dioxide

As described in Section VIL B, although free radicals may associate with
nitrogen dioxide to yield either a nitrite type or a nitro type of product, only
the nitro type is stable and the nitrite decomposes by oxygen-—nitrogen bond
fission to produce the overall result:

R 4+ NO; - RO + NO

These reactions have been discussed by Gray (163). When R isan alkyl radical
the process is exothermic by some 20 keal. The species RO is itself very reactive
(164) and splits out most readily the largest alkyl group, leaving a carbonyl
compound. The alkyl radical continues to react in the same way. This oxidation
of alkyl radicals plays an important role in the nitration of paraffins when alkoxy
formation and fission is the source of the lower nitroparaffins formed (Section
VIL,D).

Useful references to some of these oxidations are: methyl (72), ethyl (163, 251),
n- and sec-propyl (35), and butyl radicals (34, 184).

Acyl radicals behave in a similar way; the effect is more pronounced because
not even the nitro form is stable. Thus formyl (394) and acetyl (249) yield the
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corresponding formate and acetate radicals:
CH,CO -+ NO, — CH;COO + NO
CH,COO — CH; + CO,

At temperatures above 120°C. decomposition to alkyl and carbon dioxide follows.
Similar oxidation reactions occur with halogenated alkyl radicals. Thus the
n-perfluoroalkyl radicals parallel exactly their organic counterparts.

CFy + NO; — C;F,0 + NO
C;F,0 — GoF5 + COF,
Cng + N02 i CgFaO + NO

and in addition to association, yielding perfluoronitroalkanes, they give the
fluorine analog of formaldehyde (COF;) and the correspondinglower radical (188).

Trichloromethyl radicals may be expected to behave similarly. For example,
it is possible to account for the properties of the pyrolysis of chloropicrin by a
reaction scheme of this type (163).

(¢) Oxidation of molecules by nitrogen dioxide

Nitric oxide: Nitric oxide is “oxidized” by nitrogen dioxide, as is shown by
the exchange reaction (228). Oxygen-atom transfer is rapid at room temperature
and occurs through the intermediate form, ONONO, of dinitrogen trioxide. The
activation energy of 10.5 kecal. probably represents the oxygen—nitrogen bond
energy in dinitrogen trioxide.

Nitrogen dioxide: The reaction between nitric oxide and the nitrate radical
is postulated in the schemes for the decomposition of dinitrogen pentoxide (208).
The reverse reaction is, of course, an excellent though unusual example of oxygen-
atom transfer:

NO; + NO; = NO + NO;s

Ozxygen: The oxidation of oxygen to ozone is another reaction commonly ob-
served in reverse (209). The thermodynamic properties of the species involved
are well enough known for the forward reaction to be estimated.

k
NO, + 0, = NO + O

4

The reverse k, = 0.8 X 10 exp(—2500/RT) cc. mole™ sec.”, corresponding to
a rate constant for the forward reaction k; = 1.2 X 10™ exp(—50,000/RT) cc.
mole™ sec.” It is noteworthy that this corresponds to a “steric factor” of ap-
proximately 107,

Nitrosyl chloride: The oxidation of nitrosyl chloride to nitryl chloride has been
observed (287) in the presence of dinitrogen tetroxide:

NOCI 4 NO; = NOyCl 4+ NO
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Better investigated, however, is the reverse reaction (141), the rapid reduction
by NO of NO,Cl. For this (second-order) reaction ¥ = 0.83 X 10" exp(~ 6900/
RT) cc. mole™ ' sec.™ Itis interesting that the reaction path is ambiguous; transfer
of either an oxygen or a chlorine atom can explain the change observed.

Carbon monoxide: The rate of this reaction in the gas phase has been measured
in the range 528-800°K. with a large excess of carbon monoxide to prevent inter-
ference by the decomposition of nitrogen dioxide (101-104).

CO + NO, — CO, + NO

The reaction was found to be first order with respect to each component with
k (liter mole™ sec.™) = 4.8 X 10° exp(—27,800/RT). In mixtures of carbon
monoxide, oxygen, and nitrogen dioxide the formation of carbon dioxide is faster
than this equation predicts and the species NO; has been suggested as an inter-
mediate.

Sulfur dioxide: Stoichiometrically this reaction represents part of the opera-
tion of the lead chamber process for the manufacture of sulfuric acid.

SOz + N02 i SOa + NO

At low temperatures, reaction is affected by surface area and by small amounts
of water vapor (223). The reaction between the dry gases (63, 202, 223) is first
order with respect to each component and in the temperature range 160-230°C.
has Fat, = 24,500 cal. At temperatures below 150°C. (202) the overall activa-
tion energy is much less and initiation appears to be a heterogeneous process
at the vessel wall in which water plays an important part.

Hydrogen chloride: The reaction between nitrogen dioxide and hydrogen chlo-
ride has been represented as follows (182):

NOy(g) + 2HCl(g) — NOCl(g) + %Cli(g) + H.0
2. Reduction by nitrogen dioxide
NO; + ZO0 — NO; + Z

Reactions in which nitrogen dioxide gains another atom of course include as-
sociation and abstraction reactions (Sections VII,B and VILD). A particular
class of these, worthy of separate consideration, is the oxidation of nitrogen di-
oxide to dinitrogen pentoxide which proceeds via the intermediate NO;. Examples
include the reactions with ozone and with nitryl chloride, and the exchange reac-
tion between N0, and N,O;. The oxidations to the corresponding nitryl halide
by fluorine and chlorine may also be considered with this class.

Ozone: The oxidation of nitrogen dioxide by ozone is a rapid reaction (212, 434)
and is first order with respect to each reactant.

NO; 4+ 03 — NO; + O, Rate-aetermining
N02 + NOa g N205 Fast

The final product is dinitrogen pentoxide. The velocity constant & in liter mole
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second units is given (212) by the expressions k = 5.9 X 10° exp(—E/RT) or
3.5 X 10° /T exp(—E/RT) with E = 7.0 % 0.6 kcal. mole ™.

Nitrogen trioxide, NOs: The exchange reaction between N3°0, and N3°O5 pro-
ceeds at the same rate as the decomposition of dinitrogen pentoxide; it is first
order with respect to dinitrogen pentoxide and zero order with respect to dinitro-
gen tetroxide. Thus the mechanism is oxygen transfer between NO, and NOs.

0 0 0 0
/ N /
NiE—0 + N“\ . /N“"—-O—N —

/

0 0 0 No
0 0

N15 + O_Nl4

/ N
0 0

The reaction has been studied in both the gas phase and solution (284, 286).
Nitryl chloride, CINO;: The reverse reaction—the formation of nitrogen dioxide
and nitryl chloride from nitrosyl chloride and nitrogen trioxide (as N;Oz)—has
been observed (287). This reaction has affinities with the N;0,~N;O5 exchange
on the one hand and the NO,-NOCI reaction on the other.
Fluorine, Fy: The reaction of nitrogen dioxide with fluorine is rapid; it is con-
trolled by the rate of the step

NO; + F; - FNO, + F AH ~ 10 keal.

which is second order with % (liter mole™ sec.™) = 1.6 X 10° exp(—10,500/RT).
All the fluorine atoms are removed by nitrogen dioxide to form more FNO,.

Chlorine: The same reactions occur between chlorine and nitrogen dioxide
(287); the formation of CINO, in mixtures of chlorine and nitrogen dioxide has
been observed. The reverse reaction, the decomposition of nitryl chloride, has
been studied in detail (96). From this work the scheme for the reaction between
nitrogen dioxide and chlorine may be written:

Cl; + NO; — CINO; + ClI
Cl 4 NO; — CINO,

8. The decomposition of nitrogen dioxide

A species of oxygen transfer of course occurs in the reaction 2NQ, = 2NO + O,.
This reaction has been studied from equilibrium and kinetic standpoints (284,
286, 287, 306) as has the reverse reaction, the formation of nitrogen dioxide from
nitric oxide (147) (Section II,E). The principle of detailed balancing permits
information gained about the forward reaction to be used to supply knowledge
about the reverse, and vice versa.

(a) The equilibrium 2NO, = 2NO 4+ O,
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Excellent thermodynamic data for the equilibrium are available (149) and
may be summarized :

R 0 0 0 0
Equilibrium AH 0 AH 208 AF298 AS 298

2NO; = 2NO + O, 25,542 cal. 27,124 cal. | 16,750 cal. 34.80 cal.deg.™?

The entropy AS® and free-energy function (AF® — AHJ)/T have been evaluated
as functions of temperature. Loosely speaking, it may be said that dissoctation
begins at 150°C. and is complete by 600°C.

(b) The reaction 2NO + Oy — 2NO,

An account of this is given in Section VI, E, together with types of explanation
which have been advanced to explain its principal properties—third-order
kinetics and a rate constant diminishing with rise in temperature. The principal
differences lay between a choice of consecutive second-order reactions and a triple
collision (or trimolecular transition-state complex).

(¢) The reaction 2NO; — 2NO + O,

This reaction is homogeneous and second order (61, 62, 216) with
—d[NO,)/dt = —ky[NO,)*

In liter mole™ sec.” units, k2 = 8 X 10° exp(—25,000/RT) and the “steric
factor’ appears to be close to 107, In terms of the classical collision-rate theory
no specification of the transition state is made; in terms of the transition-state
theory the picture must be the same as that of Gershinowitz and Eyring, viz., 1.

0
0—N—O yd 0—0
:: 0—N o
0—N—O \O —0
I I IIT

On the consecutive reaction theory, a slow formation of either NO 4 NO; or
0, 4+ (NO), is required. Ambiguity does not end here, for NO; may be either
the nitrate (ITI) or the pernitrite (IIT). Nitrate-radical formation clearly has
an intermediate complex close to ONONO,, while pernitrite-radical formation
requires an intermediate ONOONO. These differ only in the orientation of the
NOy’s at collision.

Identical problems are posed by the reactions

2NO; = 2NO; -+ 0,

and
2NOCl = 2NO + Cl,
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and when they are solved they will also add to our knowledge of the structure
of dinitrogen tetroxide.

F. FLAMES SUPPORTED BY NITROGEN DIOXIDE

In recent years interest in nitrate monopropellants and in fuels of the type
kerosene-nitric acid has drawn attention to the importance of oxidations and
ignitions supported by nitrogen dioxide. Numerous investigations of spontaneous
and spark ignitions have been made, but outstandingly the most valuable recent
work is that of Wolfhard and Parker (295, 431) on stationary flames. Before
outlining the properties of individual systems two general principles may be
stated:

1. Except in flames with ammonia (and presumably hydrazine), pyrolysis
to nitric oxide and oxygen precedes oxidation.

2. With simple fuels, e.g., hydrogen, oxidation by oxygen in the presence
of nitrogen dioxide does not proceed beyond nitric oxide. With more
complex fuels, e.g., hydrocarbons, there are two distinct reaction zones.
In the first, reduction as far as nitric oxide proceeds; in the second,
nitric oxide is itself reduced.

Among other systems the following fuels have received attention: hydrogen;
carbon monoxide; carbon disulfide; C,Ha,40, where n = 1 to 5; ethylene and
acetylene; formaldehyde; acetaldehyde; diethyl ether; methanol; ethanol.

1. Hydrogen—nitrogen dioxide

The spontaneous ignition limit has been measured as a function of tempera-
ture (31, 311) and flame speed in closed vessels measured (311). The stationary
flame (295, 431) has been maintained at atmospheric pressure on a 1 mm.
burner. Reaction proceeds only as far as nitric oxide:

N02 + H2 i NO + H2O

A flame temperature of 1550°C. is reached. Thus the fastest flame occurs with
a mixture ratio 1:1; its speed S, is 260 cm. sec.™ relative to unburned gas.
The emission spectrum shows OH and NO bands strongly and the NH band
very weakly.

2. Carbon monozxide

Spontaneous ignition of carbon monoxide-nitrogen dioxide mixtures in the
presence of hydrogen as sensitizer has been reported (75). The stationary flame
(295, 431) has only one reaction zone, emitting continuous radiation. Its burning
velocity S, (cm. sec.™?) is small (13~18) and affected by motisture. Reaction pro-
ceeds only as far as nitric oxide.

CO + NO; — CO; + NO
3. Carbon disulfide

Liquid carbon disulfide and liquid nitrogen dioxide are miscible and together
form an explosive “panclastite’”” which can be detonated by mercury fulminate
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(405). Explosives of this type were first employed during the siege of Paris.
The spark ignition of this system has been reported (46). Though complete
oxidation corresponds to

CS; 4 3NO, — CO; + 280, 4+ 34N,

the products include nitric oxide, carbon monoxide, sulfur, sulfur trioxide, and
cyanogen.

4. Hydrocarbons

The spontaneous ignition of mixtures with nitrogen dioxide of the C, to Cs
normal paraffins has been examined in detail (436). Multiple flames paralleling
the behavior of the oxygen systems are found ; pressure and temperature limits
for ignition have been mapped. Induction periods are eliminated by the addition
of alkyl nitrites.

The stationary flames of similar mixtures with methane, acetylene, ethylene,
and ethane have been investigated (295, 431). In all cases there are two reac-
tion zones. The first emits only continuous radiation and appears identical with
the single zone of the CO-NO, flame; the speed of this flame is less than 10
cm. sec.”’ for methane. In the second zone nitric oxide is reduced to nitrogen,
and CN, NH, and C,; bands are emitted.

Typical maximum flame speeds, found are:

Species ........................ Csz CgH4 CgHg
Sy (em.see ™). ... 135 46 20

They vary very little with pressure from 20 mm. to 1 atm., corresponding to a
second-order reaction,

8. Alcohols, ethers, aldehydes

The spontaneous ignition of mixtures of formaldehyde and nitrogen dioxide
has been reported (169, 315), and flame speeds in closed vessels have been
measured (316). The maximum spatial velocity 1355 cm. sec.™ at 6 cm. total
pressure occurs in a mixture containing 43 per cent formaldehyde (stoichio-
metric 41.5 per cent). The calculated flame temperature reaches a maximum of
2720°K.

Spontaneous ignition (169) and stationary flames (295) in acetaldehyde have
been investigated. The flame structure has the same two zones as in hydro-
carbons.

The spontaneous ignition of mixtures of methanol and ethanol has been de-
scribed (169).

The structure of flames of ether with nitrogen dioxide parallels those of
hydrocarbons. Novel features have been reported in the decomposition flame
of methyl nitrate (165).

6. Ammonia

A spectroscopic study has been made of the ammonia-nitrogen dioxide
diffusion flame (130). Some of the species that were identified are OH, NH,
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and NH, and the intensities of the first and second OH band heads, the NH
lines, and the NH, lines are similar to those obtained in the ammonia—oxygen
diffusion flame.

G. NITROGEN DIOXIDE AS A CATALYST: SENSITIZATION OF CHEMICAL REACTIONS
AND EXPLOSIVE IGNITION

Small amounts of nitrogen dioxide can have a marked catalytic effect on a
number of gas-phase reactions. The earlier work of Hinshelwood and Norrish
was concerned with the reaction between hydrogen and oxygen sensitized by
nitrogen dioxide, but data are now available for systems such as hydrocarbons,
ethers, aldehydes, carbon monoxide, etc., and oxygen. In most instances the
part played by the nitrogen dioxide depends on the following two reactions:

NO;, - NO + O ey
NO; + O = NO + 0, 2)

In the first reaction oxygen atoms are formed either by thermal decomposition
at temperatures of the order of 400-500°C. or photochemically. These oxygen
atoms may then initiate and participate in chain reactions. Termination of
chains may proceed according to equation 2, so that the effect of nitrogen di-
oxide will also depend on its concentration in the gaseous system. In addition,
nitrogen dioxide may react with atoms or free radicals or with other molecules
according to the scheme outlined in the previous sections.

1. Hydrogen—oxygen reaction

Small amounts of nitrogen dioxide when added to a hydrogen-oxygen mixture
have a marked catalytic effect on both the slow reaction and ignition (109, 124,
134, 135, 151, 237, 277, 395). Concentrations of the order of 0.05 per cent may
depress the ignition temperature by several hundred degrees. The catalytic action
of the nitrogen dioxide is a function of the concentration; it goes through a
maximum and falls again at high pressures of nitrogen dioxide. A reaction
scheme for the sensitized ignition has been put forward by Norrish, Ashmore,
and Dainton (276) and by Ashmore (31a).

The method of flash photolysis has been used by Norrish and Porter (278)
to initiate the hydrogen-oxygen reaction in the presence of traces of nitrogen
dioxide.

2. Carbon monoxide—-oxygen reaction

This reaction is also sensitized by traces of nitrogen dioxide and behaves in a
manner similar to the hydrogen—-oxygen reaction (75, 345).

3. Combustion of hydrocarbons, ethers, and aldehydes

The effect of nitrogen dioxide on the oxidation of the higher hydrocarbons
(119, 123, 136, 154, 214, 272, 281, 368, 369, 376, 377, 402, 407), ethers (82, 83,
215), and aldehydes (250) is complex. With these compounds cool flames can be
obtained in addition to slow oxidation and explosive ignition, and the nitrogen
dioxide alters each region differently. In general, addition of nitrogen dioxide
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catalyzes the explosion but acts as an inhibitor in the cool flame region. In the
slow oxidation the presence of nitrogen dioxide lengthens the induction period
of ether-oxygen and aldehyde-oxygen mixtures and in general promotes the
reaction following the induction period, although the extent of this latter effect
depends on the concentration of nitrogen dioxide.

The method of flash photolysis has been used to initiate the reaction between
acetylene and oxygen (279) and between hydrocarbons and oxygen (280) in
the presence of small amounts of nitrogen dioxide as sensitizer.

The influence of nitrogen dioxide on “knock’ in internal combustion engines
has been discussed by Downs, Walsh, and Wheeler (119).

H. PHOTOCHEMISTRY OF NITROGEN DIOXIDE
1. The absorption spectrum of nitrogen dioxide

The absorption spectrum of the gaseous equilibrium mixture in the visible
region and as far as A = 2800 A. in the near ultraviolet is due to nitrogen di-
oxide. Numerous investigators (192) have described the principal features, which
are summarized briefly (283, 341) in table 6.

2. Fluorescence of nitrogen dioxide

Fluorescence has been studied at pressures low enough for any contribution
from dinitrogen tetroxide to be eliminated (43, 275). The ratio of the intensities
of fluorescent to absorbed radiation is appreciable at A = 4360 A., weak at
A = 4050 A., and virtually zero by A = 3650 A. (275). The following scheme
for fluorescence at wavelengths from 3950 to 4360 A. has been put forward:

NO, + hv — NO¥F I,

NOF - NOy, +hv K

NO¥ + NO, — 2NO, ks
TABLE 6

The photochemistry of nitrogen dioxide: dependence of fluorescence, absorption, and quantum
yteld on wavelength

Wavelength Fluorescence Reaction Absorption
4.
6000 Strong, discrete
4650 Strong No reaction
4360
4050 Weak Quantum yield = 0.5
3950 NO: - NO + O(3P)
3700
3660 Absent, Quantum yield = 1.83
3130 Quantum yield = 1.93 Diffuse
2800 Quantum yield = 2.0
2650
2506 Discrete
2459 Diffuse
2450 NO: - NO 4 O(D) Diffuse
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Application of the stationary-state principle yields

Iabs. 1 kg
Ifluorescent N k (1 + kl [NO2]>

in agreement with the experimental result (43) that I,/I, varies linearly with

[NOq).

The constant ks involves the collision frequency and if the lifetime of the
excited state may be measured, an effective collision cross-section may be
ascribed to the excited species. A direct measurement of the lifetime of this
state has recently been made (271). Pressures of nitrogen dioxide down to
10~° mm. have been illuminated by 5 u sec. flashes of light. The predicted linear
variation of fluorescence vs. pressure is found; extrapolation of the results to
zero pressure gave for the mean lifetime, 7, a value of 4.5 X 107° sec. in the
absence of collisions. The lifetime is the same for excitation by different (A =
3950 A., 4300 A., 4650 A.) exciting radiations. The fluorescent emission is a
contirgmus radiation (when self-absorption is allowed for) extending up to
8000 A.

3. Photolysts of nitrogen dioxide

The absorption of radiation and the formation of excited nitrogen dioxide
molecules is marked by 6000 A. This energy of excitation is not enough to dis-
sociate the molecule and it is either quenched or re-radiated as fluorescence.
At shorter (4000 A.) wavelengths the absorption becomes diffuse and fluo-
rescence fades as dissociation begins. The reaction is:

NO; + kv — NO + OCP) AH ~ 70,000 cal.

Because of the competition from fluorescence and quenching the quantum
yield is small (114, 198, 275). As the wavelength is further diminished and the
energy of excitation increased, dissociation predominates; the intensity of
fluorescence is zero by 3650 A., absorption is continuous, and the quantum
vield approaches 2. This leads to the second step:

NO, + OCP) - NO + 0, AH ~ 45,000 cal.

and a total change of two molecules of nitrogen dioxide decomposed per quan-
tum absorbed. That absence of fluorescence is a better guide to the onset of
reaction than is diffuse absorption is clearly shown by the second region of
sharp absorption bands near 2596 A. The second diffuse region near 2459 A.
corresponds to dissociation into nitric oxide and an excited oxygen atom (192).

NO; + h» — NO 4+ 0O(D)

In time, a photostationary state is set up as the recombination reaction sets in
(275), but this is so slow at the low pressures employed as often to be negligible.

In solution in carbon tetrachloride, quantum yields are far smaller than in
the gas phase (198). This has been ascribed to the deactivating collisions with
the solvent molecules (Franck-Rabinowitch principle).
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VIII. TaE DINITROGEN TETROXIDE SOLVENT SYSTEM

A. GENERAL PRINCIPLES

As described in Section IV,B, pure liquid dinitrogen tetroxide is stable (under
atmospheric pressure) from the freezing point, —11.2°C., to the boiling point,
+421.15°C. The cryoscopic constant K, (100 g.) is 36.6°C.; the ebullioscopic
constant K, (100 g.) is 13.7°C. Homolytic dissociation to nitrogen dioxide is
very small (the concentration of nitrogen dioxide is less than 1 per cent). The
concentration of any ionic species is even less, as is shown by the very low
electrical conductivity.

B. DINITROGEN TETROXIDE AS SOLVENT AND SOLUTE
1. Inert inorganic solutes

No simple inorganic salts are soluble in liquid dinitrogen tetroxide; solubilities
follow those in ether (139). Some non-metallic elements dissolve freely: bromine
is miscible in all proportions, iodine is freely soluble, and sulfur slightly so.
Chlorine dissolves and undergoes slow reaction. Complete freezing-point data
are available (table 7) for mixtures of dinitrogen tetroxide with nitrosyl chlo-
ride (25), dinitrogen trioxide (41, 205, 303, 420, 430), dinitrogen pentoxide
(243), and sulfur dioxide (362a).

Nitrogen dioxide is also miscible with carbon disulfide (107, 143, 333) and
with silicon tetrachloride (107).

2. Organic solutes yielding stmple solutions

Many organic compounds dissolve readily without reaction and may be re-
crystallized from solution. Thus the following substances have been listed (73,
139): saturated aliphatic hydrocarbons; aromatic hydrocarbons (benzene,
toluene); halogen compounds (ethyl bromide, ethylene dichloride, ethylene di-
bromide, acetylene tetrabromide, chloroform, bromoform, carbon tetrachloride,
methyl iodide, benzyl chloride, chloro- and bromobenzene); nitro compounds

TABLE 7
The N O solvent system: eutectic compositions and temperatures
Binary Mixture with T e N:Os
°C, weight per cent
37 7 T —107 —
—15.8 10.8
—74.8 41,3 (N:04-2NOCI)
—84.2 9.35 (N204-12804)
—56 47
—79.5 8
—69.5 10
—13.5 66.5
—68 8.5
—49 8.15
—42.5 14
2,4,6-(NO2):CeHeCHs (T.NT.) oo —13.5 61
1-OH-2,4,6-(NO2)sCeHa (picric acid) .................... —17 60.6
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(nitromethane, chloropicrin, nitrobenzene, nitroethane, m-dinitrobenzene,
p-nitrotoluene, and 1,5-dinitronaphthalene); quinones (benzoquinone and
anthraquinone); nitrophenols (2,4-dinitrophenol and picric acid); and many
carboxylic acids (formic, acetic, chloroacetic, trichloroacetic, tribromoacetic,
trichlorobutyric; malonic, succinic; benzoic, o-, m-, and p-toluic, m-nitro-
benzoic, phthalic, and 5-nitrosalicylic).

Conductivity measurements show that dinitrogen tetroxide is not an ionizing
solvent, and cryoscopic measurements reveal that carboxylic acids are associated
to double molecules.

The phase diagrams of a number of binary systems are available (12, 302).
Systems yielding simple eutectics are listed in table 7. They range over a wide
variety of compositions and temperatures.

C. SELF-IONIZATION IN PURE LIQUID DINITROGEN TETROXIDE

Clusius and Vecchi (90) elegantly demonstrated the occurrence of ionization:
N;0; = NO* 4 NOj

They prepared tetramethylammonium N¥%-nitrate and dissolved it in excess
dinitrogen tetroxide. Exchange was found to be complete. Stoichiometrically, of
course, ionization is extremely small; the low dielectric constant (¢ = 2.4)
does not favor dissociation. No evidence has been found for ionization to NOF
and NO3.

D. DINITROGEN TETROXIDE IN SOLVENTS OF HIGH DIELECTRIC CONSTANT

In the pure liquid (dielectric constant, ¢, equals 2.4) the specific conductivity
is 1.3 X 102 mho. In nitromethane (dielectric constant, e, equals 37) a 10%fold
increase is found, though ionization is still small. In mixtures of acetic and
nitric acids dinitrogen tetroxide behaves as a weak electrolyte, yielding NO™
in small concentration; the conductivity of dinitrogen tetroxide dissolved in
nitric acid is about the same as that of potassium nitrate, a moderately strong
electrolyte in that solvent; in sulfuric acid (¢ ~ 110) ionization to NO™ is com-
plete.

Similarly, dinitrogen tetroxide dissolved in absolute perchloric acid (177)
yields nitrosyl perchlorate, NOCIO,4; in phosphoric acid, nitrosylphosphoric
acid (139, 441); and in pyrosulfuric acid, nitrosyl pyrosulfate (39, 206). The
derivatives NOBF;, NOReQ,, and NOHSeO, are also well known (20, 264).
The acid solvents which have been most completely investigated are nitric
and sulfuric acids.

In nitric acid, Raman spectroscopy (160) shows that the species N;O; is
completely absent. The strongest line (2240 cm.™) belongs to NO™. No spectro-
scopic evidence for NOF or NOj7 is found, though NOs is present (see, however,
245). Addition of alkali metal nitrates to this solution increases the vapor pres-
sure above the solution, an effect easily explained by displacement of the ionic
equilibrium. Dinitrogen tetroxide and nitric acid are not completely miscible
over the whole composition range; the phase relations have been reported in
old (65, 205, 219, 303) and new (95) papers.



1120 PETER GRAY AND A. D. YOFFE

In concentrated sulfuric acid cryoscopic work (152) has revealed in dilute
solution a sixfold depression of the freezing point in accord with the equations:

N0, + H,80, —» NO' + HSO; + HNO;,
HNO, + 2H,80, — H;,0" + NOF + 2HSO;

Sulfuric acid is such a strong proton-donor that it converts nitric acid quanti-
tatively into NOY at these low concentrations; however, in a solution containing
20 mole per cent dinitrogen tetroxide, molecular HNO; is observed (259; see
also 195a).

E. COMPOUND FORMATION IN THE DINITROGEN TETROXIDE SOLVENT SYSTEM

Compound formation has been reported in liquid mixtures of dinitrogen
tetroxide with tertiary amines, ethers, nitriles, ete. (7, 9, 13, 20, 33a, 150, 239, 343,
419). They have been investigated by the classical methods of cryoscopy,
conductivity, viscosity, etc.; no structural investigation has been completed.
The various compounds recognized are listed in table 8.

1. Compounds with tertiary amines and similar systems

Complexes of the general formula N,O,-B and N.04-2B, where B stands for
the base, have been observed between tertiary amines and dinitrogen tetroxide.
These complexes are colored (aliphatic, brown; aromatic, plum (93, 94)); they
are insoluble in hydrocarbons but soluble in halogen derivatives and in ether.
They are stable only at low temperatures. Complexes of aromatic heterocyclic
nitrogen compounds (110) form yellow precipitates from ethereal solution.

TABLE 8
The dinitrogen tetroxide solvent system: compound formation with oxygen and nitrogen
compounds
Number Number) Number
of 1Molef— of Mlol- of 1\%01—
Oxygen Derivatives %1&:2 ?n Nitrogen Derivatives oefcﬁaesi NltKnles and - o?cll;aesi
Com- in Com- etones i Com.-
pound pound pound
Formed Formed Formed
Diethyl ether................... 2 Trimethylamine....................... 1,2 | Acetonitrile...| 1,2
Di-n-propyl ether............... 2 Triethylamine. ...............c.cooenl. 2 Benzonitrile. . 1
Diisopropyl ether............... 2 Diethylnitrosoamine................... 2
Di-n-butyl ether.... 2 Dimethylaniline.............. .. 1,2 { Acetone....,. 2
Di-tert-butyl ether None | Diethylaniline................ 2 Camplior..... 45, 3%
N-Methyldiphenylamine 2
Tetrahydrofuran................ 1*, 2 |l 0-, m-, and p-Nitrodimethylaniline....| None || Acetic acid .. 2
a-Methyltetrahydrofuran........
Perfluorotetrahydrofuran........ None | p-Nitrosodimethylaniline.............. 2 Acetic an-
Tetrahydropyran................ 2 Pyridine. ................... hydride . ... 1
a-Pieoline ................. ool
Ethylene glycol diethyl ether. .. 1 B-Picoline .................coiiiviiil, Ethyl
1,4-Dioxane................oune. 1 2, 6-Lutidine. .. benzoate .. 2
1,3-Dioxane. ... 1 Quinoline...................
Trioxane...........c..ooveivias 1 2-Methylquinoline
Isoquinoline. . ...
Acridine. ............... oo

* Incongruent melting point.
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An equilibrium of the type

b
N,0.-2B = N,0,-B + B = N,0; + 2B

exists for the addition compounds. All the bases studied form complexes of the
type NqO4-2B; the species N;O4-B has not been found for all. Equilibrium a
lies to the right for the picolines but to the left for other heterocyclic compounds.

Compounds which do not give such complexes are 0-, m-, and p-nitrodimethyl-
aniline, «,c’-lutidine, and 2-methylquinoline (110). Steric hindrance has been
advanced as the factor preventing complex formation by the three heterocyclic
compounds.

Included in the list of complexing bases is diethylnitrosoamine, which has
been made the subject of special study by Addison et al. (7, 9, 13, 20). Its be-
havior justifies its inclusion with the tertiary amines.

On the basis of measurements of electrical conductivity and absorption
spectra Comyns (93, 94) ascribes the formula RsN-NO*NOj to the compound.
Addison (7, 13, 20) explains the addition compounds N;O4-B and N,0,-2B as
due to the codrdination of one and two B molecules, respectively, to the nitro-
sonium ion of the NO*NOj ion-pair; donation of electron pairs occurs in two
stages:

B
l ;
N=0:+ —» N=0:* — :1'\;—03"'

B

The stability of the species depends on the nature of the base B and on ex-
ternal conditions such as the temperature and the solvent medium. The influence
of the nature of the base is clearly shown by the existence of bases which do
not form addition compounds: the three nitrodimethylanilines presumably
because of mesomeric effects, and the lutidines because of steric blocking of the
nitrogen atom. Solvolysis by ether of, for example, the pyridine complexes is
unimportant; the ether complex is largely dissociated even at —35°C. The
compounds are analogous to the base-stabilized halogen nitrates (C;HsN).BrNO;
and (C5H5N)2C].N03

The nitrogonium-ion vibration frequency is so altered in nitric acid solutions
of dinitrogen tetroxide that Goulden and Millen (160) have proposed for it
a formula of the type NO.-NOT; it may be that N,O; itself can act as a com-
plexing agent for the ion NO*. If a compound has to be assumed, there is no
evidence which favors NO;-NO™ more than, for example, N;O4- NO*.

2. Compounds with ethers and other oxygen derivatives

Addition compounds of the type N3O4-2B are also formed with ethers and
other oxygen derivatives (343, 419) and melting points and phase diagrams re-
corded. With diethers such as dioxane or ethylene glycol diethyl ether the
general formula is N,O4-B (239, 343, 419). The shapes of the freezing-point
curves indicate that the compounds exist in the liquid phase. Sisler and co-
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workers conclude that the complexes are molecular addition complexes of the
Lewis acid-Lewis base type in which the oxygen of the ether is the basic center.
No x-ray data are available to confirm this suggestion, but spectroscopic meas-
urements are stated to have failed to reveal the presence of NO™; otherwise, the
formulation adopted for the addition compounds with tertiary amines is more
attractive. The formulas based on two coérdinated oxygen atoms per nitrosonium
ion satisfy the observations.

Perfluorotetrahydrofuran and di-tert-butyl ether fail to give addition com-
pounds (419). It may be supposed that the electron distribution at the oxygen
atom of the former is inadequate, owing to the effect of the eight fluorine atoms
(419), and that the two four-carbon groups of the latter are too bulky, although
the electron distribution should be suitable.

8. Compounds with nitriles and ketones

Acetonitrile and benzonitrile also form addition compounds (13). Aceto-
nitrile forms both N;0,- CH;CN and N,0,-2CH:CN, while benzonitrile yields
N304 CH;CN only. The formulas are supposed to be similar to the nitrogen
complexes, with the unshared electrons of the cyanide group being donated to
the nitrosonium ion.

Acetone reacts with liquid dinitrogen tetroxide (presumably by an enolic
form) at low temperatures, yielding a complex mixture of reaction products
among which cyanides, nitrates, and nitro compounds have been found (437).
At low temperatures however (—40°C.), a compound N;O4-2(CH;),CO is formed
(20). Camphor gives two compounds (302) with compositions corresponding
to the formulas 5N;04-4CypH3O (m.p., —52°C.) and 2N;04-3C;cHys O (m.p.,
—45.5°C.). No explanation for the stoichiometry has been offered.

F. COMPLEX SALT FORMATION IN THE DINITROGEN TETROXIDE SYSTEM

A number of addition complexes with inorganic compounds, some known for
many years (156) and others only recently reported (20), throw further light on
the ionization in the dinitrogen tetroxide system. Among the most thoroughly
investigated (15) is the product of reaction between zinc nitrate (or zinc metal
or zinc oxide) and dinitrogen tetroxide, Zn(NQj;)s-2N,0; Its formula has
been shown to be (NO™),[Zn(NOs)i ]. Similarly, the uranyl nitrate complex
TU0:(NOy)2- N3Oy may be set as the nitrosonium salt of the better known (11)

TABLE 9
Complex salt formation in the dinitrogen tetroxide solvent system

Conventional Formula Nitrosonium Derivative Conventional Formula %g‘;@g’:{‘%ﬂ
Zn(NOQ3)s  2N20: (NO):[Zn(NO3)4] 4FeClz- NOq
UV02(NO3)z-2NO (NO)UO2(NOs)s] 4FeBrz2- NOs
BiCls- NO: FeCls: NOo
2TiCls-3N204 PF5:NO:
28nCls3N:0: AsF5 NOs
3SnCls-2N204 2AI1CIs-3CsHe-3N204
3ShCls-2NO2 FeCls-2CeHs 2N204

SbFs NOs (NO*) (SbF]) (SbF )z 8nCls-2CeHe2N204
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trinitrato uranyl ion, viz., NO*[UOy(NOs);]. Recently, the addition compounds
NO,-AsF; and NO,-SbF; have been described, and they may possess the general
formula NO*-MF7F (MF5),.

A list of complexes is given in table 9. Included in it are three interesting
organometallic derivatives of a type familiar in studies of Friedel-Crafts cata-
lysts.

IX. Tae REacTIiONS OF DINITROGEN TETROXIDE

A, GENERAL PRINCIPLES

In Section VIII the tendency of dinitrogen tetroxide to ionize as NO™ and
NO; emerged clearly. This tendency is detectable even in the pure liquid.
Different factors which assist it are the following: solvents of high dielectric
constant (e.g., sulfuric acid) and great ionizing power; solutes which by remov-
ing NOj into an anionic complex (e.g., Zn(NOj); — Zn(NO;);™) form free NO™;
solutes which by coérdination stabilize the actual cation (e.g., 2R;N + N3Oy —
(R:N);NO* NO3). No similar grounds for ionization to NO3F and NOz have
been found.

Of course, ionization is often only incipient and we may consider an ion-pair
as having been formed rather than separate ions. Frequently, secondary reac-
tions lead to changes much more profound than ionization. Thus, water is a
solvent with a high dielectric constant, but reaction does not stop with the
formation of NO*. Instead, NO* reacts with water, forming hydrogen ions and
nitrous acid ; the nitrous acid itself decomposes, and so on. In all such reactions,
however, whether with water or with alcohols, ammonia, or amines, the evidence
for NO™ is strong.

The second complication occurs in the presence of a ready donor of electrons
(reducing agent). Then the products of reaction are no longer NOj and NO™
but NOj and NO. To this class belong the metals and anions which react readily
with dinitrogen tetroxide at low temperatures:

N;0; + M — NO + NO7 4+ M* (i.e., MNO;)

NyO4 + X~ — NO + NO; + X(34X,)
In the reactions which follow, that with water is dealt with most fully because
of its immense technical importance.

B. THE REACTION BETWEEN DINITROGEN TETROXIDE AND WATER

This reaction occurs in the manufacture of nitric acid by the absorption of
nitrous gases. The system is complex; chemical equilibria, reaction kinetics
and, to a smaller extent, physical aspects of absorption all play a part. The
interpretation of the system is based principally on the work of Abel (1) and of
Denbigh (80, 111).

1. The phase diagram

Dinitrogen tetroxide and water form two liquid phases over a wide range of
composition (243, 244): the upper layer is largely aqueous nitric acid; the lower
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layer is deep blue owing to the presence of dinitrogen trioxide. At 0°C. the
limits of miscibility are 47 and 98 weight per cent dinitrogen tetroxide and at
20°C., 52 and 98. At the consolute temperature, 67°C., there is 89 weight per
cent dinitrogen tetroxide. The phase diagram is complex. Homogeneous aqueous
solutions deposit ice at temperatures down to —50°C. and compositions con-
taining 0-33 weight per cent dinitrogen tetroxide; the composition of the solid
phase deposited between —50° and —56°C. from solutions containing 33-44
weight per cent dinitrogen tetroxide is not known. Homogeneous mixtures
containing more than 44 weight per cent dinitrogen tetroxide deposit nitric
acid trihydrate, HNQ;-3H,0, from the upper aqueous layer and dinitrogen
tetroxide from the lower layer (mixed N,O, + N,0;).

Data for the density, solubility, and boiling points of NyO,—HNO; mixtures
(65, 95, 205, 219, 303) and for the properties of fuming nitric acid (65, 219) are
also available.

2. Stoichiometry and chemical equilibria

When dinitrogen tetroxide is dissolved in a large excess of water nitrous and
nitric acids are formed in equal amounts:

N204 + Hgo = HN02 + H+ + NOs_

Nitrous acid is a weak acid (K, = 6 X 10~ at 30°C.) (218, 358). The unionized
acid decomposes into nitric acid and nitric oxide, though only slowly at low
temperatures, until equilibrium is reached:

3N:0, + 3H;0 = 3HONO + 3H* + 3NOj7
3HONO = H;0 + H* 4+ NOj + 2NO

3N.0; + 2H,0 = 2NO + 4H" + 4NO7

All the reactions are reversible. Thus, the nitric oxide formed in the decompo-
sition of the nitrous acid reduces the equilibrium concentration of nitric acid
attainable with a given pressure of dinitrogen tetroxide. Abel has measured the
equilibrium constant of the overall reaction. Table 10 lists values of the equi-
librium constant expressed in terms of partial pressures of the species HNO;,
H,0, NO, and NOs.

TABLE 10
Equilibrium constants for the gas-phase reaction between water and nitrogen dioxide (137)

H,0 + 3NO,; = 2HNO; + NO
AHG = —7230 cal.
K = Pino,Pro/PajoPRo:

Temperature Equilibrium Constant, X Temperature Equilibrium Constant, K
°C. aim.1 °C. atm.~1
275 3.75 X 107 350 1.01 X 1073
293.1 1.37 X 1072 400 1.87 X 10™¢
298.1 1.05 X 10-2 450 4.86 X 1078
300 $.51 X 107¢ 500 1.65 X 1078
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TABLE 11
Equilibrium data (137) for the gas-phase reaction
2NO, + H.0 4+ 40; = 2HNO,

AHY = —20,025 cal.

K (atm.™%/2) = Pfno,/(PXo,PE20P Y}

Temperature K Temperature E K
°C. atm.m3i2 °C. ‘ atm."8l2
275 ‘ 3.65 X 108 400 4.43 X 1071
298.1 1.45 X 104 450 2.81 X 10-2
300 : 1.13 X 104 500 2,06 X 1073
350 | 4.65 X 10

Clearly, since Pawno, and Pu,o are determined by the concentration of the
nitric acid,? so is the ratio Pyo/Pko,. At 25°C. this quotient in atm.” Pxo/Pro,
has the values 2.75 X 10* for 37 per cent acid and 1.00 X 10° for 58.8 per cent
acid. For more concentrated acid the quotient is smaller, and very little nitric
oxide is necessary to prevent the absorption of further dinitrogen tetroxide. In
industrial practice the formation of acid much stronger than 50 per cent is too
slow at atmospheric pressure to be worth while. Higher concentrations are
achieved by employing a mixture of air and nitrogen dioxide, the oxygen serving
to convert the nitric oxide formed to nitrogen dioxide. This oxidation (see
Section ILE) is very slow, however. Acid of 62-66 per cent strength is made in
systems operated at 6 atm. pressure.

Very strong (nearly 100 per cent) nitric acid has been produced by compressing
mixtures of oxygen, water, and liquid dinitrogen tetroxide to 20-65 atm. (Hoko
process).

2N204 + 02 + 2H20 - 4HN03

The equilibrium data (137) are listed in table 11. However, concentrated nitric
acid is more commonly made by distilling 50 per cent nitric acid. The azeo-
tropic mixture (68.4 per cent HNO;, b.p. 121.9°C.) can be made directly; 100
per cent nitric acid is made by distillation with sulfuric acid. These acids as
made contain dissolved oxides of nitrogen produced by decomposition during
distillation. They may be “bleached” by a stream of air.

3. Kinetics of the reaction between dinilrogen tetroxide and water

From a kinetic viewpoint the measured rate of reaction of dinitrogen tetroxide
with water is the difference in the rates of the forward and reverse reactions:

k
N0, + H,0 = HONO + H* + NO;

T

Abel (1) has solved the problem of the decomposition of nitrous acid, and
Denbigh has shown that Abel’s interpretation also explains the problem here.

2 The necessary partial pressure data are provided by Forsythe and Giauque’s (137)
critical review of existing data (387, 408, 426). For a recent commentary see reference 435.
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Abel discovered that in the system N,O, N,0; NO., NO, H,0, HONO,
H+, and NOj the reactions involved in the equilibria:

4HNO, = 2H,0 + 2N,0;

2N;0; = 2NO + 2NO, = 2NO + N,0,
are much more rapid than those involved in

N,0. + H:0 = HONO + H" + NO7

and that the rate of the decomposition of nitrous acid, which obeyed a compli-
cated kinetic expression, was identically its net rate of transformation into
dinitrogen tetroxide (1). For the reaction of dinitrogen tetroxide with water the
exact converse is true, and its rate of disappearance should obey the equation:

—d[N;O4l/dt = % (1, [NOJ[H:0] — o [H[NOF[HNO;]}

Now if the mobile equilibria above are maintained
[HNO;] = [N;O4H{NOJ'[H.Of*
and we have

—dIN:O,l/de = 7 kf[H2O]{[N204] 07 [N204]*[N0]*}

= k{[N;0,) — CIN;O{NOT}

where C is not an arbitrary constant but is completely determined by thermo-
dynamic constants of the system.

This is exactly the experimental equation found by Denbigh and Prince
(for C they give a useful explicit formula and tables of values). The test of their
equation is constancy of k,, which is satisfied very well. It is worthy of note
that, at atmospheric pressure, increased temperature diminishes the gas-phase
concentration of dinitrogen tetroxide and hence the rate of absorption in water.

The complex expressions written above have an extremely simple interpreta-
tion in terms of the ionization of dinitrogen tetroxide. Since

[H'[HONO] = const.[H:NOf] = const.[NO¥[H,O]

therefore

—d[N.04)/d¢ = const.[NyO4] — const.[NO*I[NOj3]

or )
= const.[NyO4][H,O] — const.[H.NOF][NO3]

where H,NOj is the nitrous acidium ion. Set in this form, the rate of reaction
of dinitrogen tetroxide with water is seen to be determined by its net rate of
ionization.
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4. Kinetics of the reaction between dinitrogen tetroxide and dilute aqueous alkali
and the initial rate of absorption in water

In the presence of dilute alkali reaction is no longer reversible but is instead
represented by the equations

N0, + H;0 — HONO + H* + NO; Slow (1)
HONO 4+ OH™ — NO; + H:0 Fast (2)
HY + OH™ — H,0 Fast (3)

Equation 1 still controls the rate of reaction, i.e.,
"—d(N204)/dt = k/[N204][H20]

or in terms of k,
Rate = 44k.[N2O4

Absorption into 10 per cent alkali does obey this equation with %, (observed)
within a few per cent of the expected value.

Exactly the same expression governs the initial rate of reaction with water,
before the concentration of nitrous acid has had time to build up and the acid
to undergo appreciable decomposition,

5. Kinetics of reaction in the presence of nitric oxide

Added nitric oxide does not affect the actual reaction discussed above, but
by forming dinitrogen trioxide it gives rise to a new reaction: namely, the rapid
reaction of the dinitrogen trioxide species with water and the absorption of a
much greater amount of nitrogen dioxide into alkaline solutions per unit time.
In fact, this reaction occurs so much more rapidly that virtually no nitrate ions
are formed (416, 417):

N.0; + H,0 — 2HONO
2HONO + 20H™ — 2H,0 + 2NO7

In the absence of alkali, the equilibria mentioned above have already taken
into account the final effect of nitric oxide; initially, there is an enhanced rate of
formation of nitrous acid but not, of course, of nitrate ion.

The reaction which occurs between nitric oxide and aqueous nitric acid
(i.e., nitrate ion) in the initial absence of nitrogen dioxide has been mentioned
briefly (111); the gas-phase reaction has also been investigated both under
conditions in which the surface is important (372) and when reaction is ho-
mogeneous (210). This last study at high temperatures is not a reaction of
dinitrogen tetroxide but of nitrogen dioxide as a free radical.

6. The location of reaction in absorption towers

Industrially the reaction between nitrogen dioxide and water is carried out
in absorption towers. Though some reaction can (and does) occur in the gas
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phase (for example, when streams of dinitrogen tetroxide and water vapor
meet, a nitric acid mist forms), reaction occurs principally in the surface layers
of the liquid. The following observations confirm this view: (1) The rate of
absorption is proportional to the interfacial area and does not depend on the
volume of the gas phase. (2) Concentrations in the gas phase can readily be
calculated and are far too small for the diffusion of gaseous products to explain
the observed rate. (3) When an alkaline absorbent is used, though the gas-
phase composition is still water vapor, no nitric oxide is formed; hence, gas-
phase reaction plays a negligible part. Nevertheless an attempt has been made
to explain the absorption of nitrous gases in terms of physical diffusion after
gas-phase reaction. For the reasons just mentioned, it is not satisfactory; further-
more, this theory (84) predicts the wrong dependence of rate on concentration
of dinitrogen tetroxide (80, 111). However, the state of the surface layers is
important, and flow speeds of liquid and gas affect absorption coefficients.
Thus, increasing the gas flow from Reynolds number R, = 4,450 to 11,100
(150 per cent increase) increased the coefficient k, by 20-30 per cent; increasing
the liquid flow from R, = 140 to R, = 320 (120 per cent increase) increased k,
by some 30 per cent.

C. THE REACTION OF DINITROGEN TETROXIDE WITH ALCOHOLS
1. Stoichiometry and chemical equilibria

The reaction of dinitrogen tetroxide with aleohols parallels that with water.
The general equation was formulated correctly by Gray and Yoffe (438) as the
equilibrium:

ROH + N;0, = RONO + H* + NOj

In the gas phase a mist of nitric acid vapor is formed; in solution, two liquid
layers separate, one rich in nitric acid, the other in nitrite ester. Use of iso-
topically labelled alcohols (26, 27, 346) has shown that reaction again involves
the formation of the ionic species NO™:

RO™®H + NO™NO0; = RO®NO + H™ + NO;7

It may be noted that the rapid esterification of alecohols by nitrous acid or
nitrous anhydride takes place under conditions favorable to the formation of
NO™ (346).

Measurements of the concentration of nitrogen dioxide in the equilibrium
system have been used in conjunction with the equation above in an attempt
to derive thermodynamic functions for the alkyl nitrites. At present experi-
mental difficulties arising from absorption and, at temperatures above 25°C.,
secondary reactions have frustrated these intentions (127).

2. Chemical kinetics of the homogeneous gas-phase reaction

Kinetic measurements of the rate of gas-phase reaction between dinitrogen
tetroxide and methyl, ethyl, n-propyl, and teri-butyl alcohols have been re-
ported (127). For methanol, for example, the equation may be written

—d[N;04]/d¢ = k- Py,0,Pron
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In systems at constant pressure the rate of reaction measured diminishes
with increasing temperature between 0° and 25°C. because of the diminishing
concentration of dinitrogen tetroxide. Thus the activation energy for esterifica-
tion is small, probably near 5 keal. mole™. (For other references see 274 and 354.)

8. The heterogeneous reaction

The careful work of Fairlie, Carberry, and Treacy (127) has revealed the
occurrence of a heterogeneous reaction between aleohols and dinitrogen tetroxide
which is assisted by a polar surface (213). Thus, practically no reaction is ob-
served on paraffin wax surfaces under conditions leading to considerable rates on
glass, aluminum, and Teflon vessels. The addition of nitric acid also had a
marked effect in increasing the initial reaction rate. It is suggested that the
alcohol is the strongly adsorbed species (213).

4. Reaction in the presence of matric oxide

Esters of nitrous acid from the reaction of aleohols with “nitrous fumes”
were reported over fifty years ago (139, 372); however, because the tempera-
tures were not kept low, concurrent oxidation obscured the reactions. When the
temperature is not allowed to rise enough for oxidation to occur it is found that
no nitric acid is formed but only the nitrous ester. Stoichiometrically:

ROH -+ N,0; — RONO 4 HONO
ROH + HONO — RONO + H,0

Experiments with O8-labelled feri-butyl alcohol show that again the carbon-
oxygen bond is not broken in esterification (347). The reaction proceeds as
indicated below:

(CH3);CO"H + HONO, — (CH,);CO®NO + HONO
(CH;);CO™H + HONO — (CH;);CO™NO -+ H,0

The simplest explanation of reaction is that, as with water, dinitrogen trioxide
reacts faster with alcohols than does dinitrogen tetroxide, although this view
has been challenged (127).

When oxygen is bubbled through the alecohol-dinitrogen trioxide system the
corresponding nitrate is produced (422).

5. The reaction of dinitrogen tetroxide with ketones

At room temperature, and in either the liquid or the gas phase, acetone
reacts with dinitrogen tetroxide, giving a complex series of products (437).
Among the products found are nitro compounds and nitrate esters, and hydrogen
cyanide is liberated from acidified solutions.

At 160°C. no reaction occurs, according to Levy (230); by 400°C. reactions of
hydrogen abstraction and nitration by nitrogen dioxide set in. Thus the low-
temperature reaction must be ascribed to dinitrogen tetroxide; the ketone prob-
ably reacts in the enol form. At temperatures above 160°C. dinitrogen tetroxide
is absent and tendencies to NO*NOj; have vanished with it.
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Ethyl methyl ketone also reacts with dinitrogen tetroxide, but less rapidly
than acetone (347).
From benzyl phenyl ketone the oxime has been isolated (336).

D. THE REACTION OF DINITROGEN TETROXIDE WITH AMMONIA AND AMINES

The members of the nitrogen series NH;, RNH,, R,NH, and R;N parallel
those of the oxygen series OH,, ROH, R,0, and so do their reactions with di-
nitrogen tetroxide. Thus both tertiary amines and ethers form compounds;
both secondary amines and alcohols give nitroso derivatives—nitrosoamines
and alkyl nitrites. Just as with water, reaction with ammonia leads to consider-
able decomposition, which is the more extensive because the possibilities of
forming the extraordinarily stable molecular nitrogen make it more exothermic.
Primary aliphatic and aromatic amines are both supposed to undergo nitro-
sation, although only as a preliminary to further reaction—deamination and
diazotization, respectively. Once again it seems that all the observed reactions
are illuminated by the concept of dinitrogen tetroxide ionizing to NO* and NOj3.

Ammonium salts and substituted ammonium salts react by virtue of their
hydrolysis to ammonia or amines or by their possession of a reactive anion
(see Section IX,F).

1. Ammonia

Even with solid dinitrogen tetroxide ammonia reacts readily and extensively;
because of the secondary exothermic reactions decomposition is very complete.
A controlled reaction leads to the formation of water, nitric oxide, nitrogen, and
ammonium nitrate (53, 128, 310) and some nitrous oxide and ammonium nitrite.
Ammonium nitrate has been manufactured from ammonia, water vapor, nitrous
fumes, and oxygen (297).

The gas-phase reaction between ammonia and nitrogen dioxide has been
investigated between 150° and 200°C. (128). The overall equation is given as:

2N02 + 2NH3 g NH4N03 + N2 + Hgo

From pressure-time curves the reaction was found to be of third order: first
order with respect to ammonia and second order with respect to nitrogen di-
oxide. It was found that the specific third-order rate constant decreased with
temperature, for which the energy of activation was —12.5 keal. From these
results it has been proposed that dinitrogen tetroxide and not nitrogen dioxide
is the active species in the reaction.

2. Primary amines

In acid solution dinitrogen tetroxide and nitrous acid are both excellent
nitrosating agents. Kinetic data are available (388, 389) for deamination by
nitrous acid of aliphatic primary amines which show dinitrogen trioxide to be
the active agent; in the dinitrogen tetroxide reaction it is probably this sub-
stance (N;04) itself.

Identical kinetics govern the diazotization of aromatic amines (357).
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3. Secondary amines

Again, kinetic data for nitrosation by nitrous acid are available (201). These
indicate (201) dinitrogen trioxide as the active species in nitrous acid nitrosa-
tion, and dinitrogen tetroxide in this system:

o+ -

R:NH + NO NO; — R,NNO + HT + NOj

Work has recently been done on the formation of diethylnitrosoamine in the
reaction of diethylammonium chloride and dinitrogen tetroxide (8). In this
system simultaneous reaction with the chloride anion produces nitrosyl chloride;
the diethylnitrosoamine also forms an addition complex with dinitrogen tetroxide
which is formulated as [(CoHs)s(NO)N].NO*NO3.

E. THE REACTION OF DINITROGEN TETROXIDE WITH METALS
1. Reaction at low temperatures

Metals whose reactions with dinitrogen tetroxide have been noted are given
in standard works on inorganic chemistry (156, 258). One clear generalization
emerges: all metals which react at low temperatures are converted into nitrates
and liberate nitric oxide.

M + N204 i MN03 + NO

Reaction may be described as the transfer of an electron from the metal to
the dinitrogen tetroxide molecule, yielding the metal ion-nitrate ion pair in
place of NO™NOj7 ; the nitric oxide is liberated. Reaction may end here if the
metal is very electropositive and the temperature low. However, further ampho-
teric reaction with dinitrogen tetroxide may lead to the metal in the anion of a
nitrosonium salt.

At elevated temperatures decomposition of the nitrate to oxide or nitrite
occurs; no nitrite is ever formed directly. This is the course of reaction with,
for example, sodium (28, 199, 344), potassium, zinc (15, 21, 23), silver (115,
293), and lead (344). It is the reaction which occurs when nitrogen dioxide
attacks the surface in a mercury manometer to form mercurous and mercuric
nitrates (15, 21, 23, 115, 293). Addison’s (15, 21, 23) work on the reaction of
zinc with dinitrogen tetroxide is the best investigated; as it is typical of metal
reactions its salient features will be outlined here.

Reaction of zinc with pure dinitrogen tetroxide: At first, nitric oxide is evolved
and zinc nitrate is formed. As reaction proceeds, an insoluble compound of the
empirical formula Zn(NOs)s-2N,0;4 is deposited. This is a nitrosonium salt with

Zn + 2N,04 — Zn(NOj),; + 2NO!
Zn(N03)2 + 2N204 = (NO)zZD(N03)4

the tetranitrozincate anion. This anion is analogous to the ions Zn(OH);~ and
Zn(NH,)i~ in the water and ammonia systems. The complex salt formed as a
result of this amphoteric behavior decomposes at 100°C. into dinitrogen tetroxide
and pure anhydrous zinc nitrate.
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The activation energy for the dissolution of zinc in dinitrogen tetroxide has
been measured. Between —11.2°C. and -+14°C. the Arrhenius activation
energy is ~ 4500 cal. mole™ (15). The dissolution of zinc or magnesium in dilute
agueous hydrochloric acid gives E ~ 4230 and 5000, respectively, and is be-
lieved to be controlled by electron transfer at the metal-solution interface; the
same explanation is offered here, the active species in dinitrogen tetroxide being
assumed to be the ion-pair NOTNO3.

Solution of zinc in mixtures of dinitrogen tetroxide with dinitrogen trioxide,
nitrosyl chloride, and diethylnitrosoamine: When dinitrogen trioxide is present
(0-40 per cent), reaction proceeds faster (22); at 0°C. the rate is eight times
as great in a mixture containing 40 per cent dinitrogen trioxide as in pure di-
nitrogen tetroxide. The product is the same. Two factors have been suggested
to explain the change in rate: () An increase in dielectric constant with added
dinitrogen trioxide which yields a higher concentration of NO*NOj ion-pairs.
Certainly the electrical conductivity is enhanced by added dinitrogen trioxide.
(2) Displacement of the equilibria existing in liquid dinitrogen tetroxide so as to
favor NO*. Quantitatively the rate has been represented as « [N,04]"*; in a
medium of altering dielectric constant it is impossible to translate this into
ionic concentrations.

When nitrosyl chloride is present (16), the reaction rate is again increased.
Over the major portion of the concentration range 0-40 per cent nitrosyl chloride,
the rate of reaction is proportional to [NOCI); in a solution 8 molar in nitrosyl
chloride the rate of solution is five times greater than in pure dinitrogen tetroxide.
(This molarity of dinitrogen trioxide produces an eightfold increase.) A new
product appears in addition to the complex nitrate—a complex chloride
having the empirical formula ZnCl,NOCl. The reactions occurring in these
mixtures have been summarized as follows:

(a) Zn + 2N,04 — Zn(NOQy), + 2NO
Zn(N03)2 + 2N204 g (NO)an(N03)4
(b) Zn + 2NOCl — ZnCl, + 2NO

2ZDC].2 + 2NOC]. g (NO)zZDgCle

Nitrate and chloride are interchangeable to some extent in the complex
anions (16).

When diethylnitrosoamine is present, zinc dissolves to yield the same complex
nitrate anion but associated with the coérdinated nitrosonium cation. Stoichio-
metrically:

Zn -+ 4N204 + 4(C2H5)2NNO i [[(02H5)2NN0]2N0+]2[ZD(N03)4_] + 2NO

Zinc has also been dissolved in solutions of substituted ammonium nitrates in
dinitrogen tetroxide. Still the same tetranitrozincate anion is formed finally,
but this time the appropriate substituted ammonium group competes with
NO™ as cation (14).
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2. Reaction at high temperatures

At high temperatures metals react to yield a mixture of products, many of
which may be derived from decomposition of nitrate formed initially in the
manner described, but some of which are more likely the result of oxidation
by nitrogen dioxide. Thus, potassium burns with a red flame, forming nitrite
as well as nitrate (115, 293); magnesium is oxidized at dull-red heat (344); and
manganese, iron, cobalt, and nickel are oxidized (344). The increased rate of
reaction of zinc with dinitrogen tetroxide above 14°C. has been ascribed to the
onset of reaction between nitrogen dioxide and zinc to form zine oxide, followed
by rapid solution of the oxide (15).

F. THE REACTION OF DINITROGEN TETROXIDE WITH ANIONS

Liquid and gaseous dinitrogen tetroxide react readily with many salts. The
cation M7 is often unaltered, and the anion X~ is the reactive species. These
reactions may be generalized as electron transfer from anion to dinitrogen
tetroxide to yield nitric oxide and the nitrate anion.

N0y + X —- NO + NO; + X

The discharged anion X may itself be a very reactive species—e.g., a chlorine
atom or an azide radical—and undergo further rapid and extensive changes.
When reaction occurs between dinitrogen tetroxide and solid MX, although
M may appear not to enter into reaction as written above, it exercises a strong
effect through the dependence on M™ of the lattice energies of MX and MNO;
and hence of the free-energy change of reaction.

When the anion is the anion of an oxy acid, HOY, another description of the
same process is displacement of one acid anhydride by another:

2MOY -+ 2N;04 — 2MNO; 4 Y,0 4 N;0;(NO -+ NOy)

This type of reaction includes reaction with, for example, the alkali metal
hydroxides, for on the N;0, = NO* + NOj acid-base system water no less
than acetic anhydride or carbon dioxide deserves the name ‘“‘acid anhydride.”
In agreement with these general principles, the nitrate anion is unaffected by
dinitrogen tetroxide.

The reactions following are examples of this behavior. Further instances are
listed in standard texts (156).

1. Salts of monobasic acids not containing oxygen: chlorides, bromides, iodides,
and azides

Chlorides: Ionic chlorides undergo reaction with dinitrogen tetroxide to
yield the nitrate and nitrosyl chloride: the one which has been most thoroughly
investigated is potassium chloride (44, 256, 332a, 421); others include am-
monium chloride (53), diethylammonium chloride (24), calcium chloride, zinc
chloride, titanium tetrachloride, and stannic chloride (156).

Potassium nitrate has been manufactured on an industrial scale from the
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reaction between moist potassium chloride crystals and dinitrogen tetroxide at
ordinary temperatures (44, 256, 332a, 421).

KOCI(s) + NyOs(g) — KNOs(s) + NOCl(g)
AF%s, = —4496 cal.; AHY%, = —3683 cal.

Bromides: Bromides behave similarly, reacting with dry dinitrogen tetroxide
to form bromine, nitric oxide, and the solid nitrate (156).

KBr -+ N204 i KN03 + NO -+ %Brg

Todides: Todides undergo a set of reactions influenced by the conditions
(365). Both solid potassium iodide and methylammonium iodide (as solid or in
nitromethane solution) react according to the equation:

MI 4+ N0, » MNO; + NO + ¥4I,

In aqueous solution, nitrate and nitrite may both be formed according to the
equations (365):

N;04 + 2I" — 2NO3 + I 1)

N:0s + I > NO7 + NO + ¥4I, )

Reactions 1 and 2 are faster than the reaction of dinitrogen tetroxide with

water. Since both iodine and dinitrogen tetroxide can oxidize nitrites to nitrates

(Section 9,F,1), reaction 2 may be regarded as an extension of reaction 1 brought

about either by reaction la, which occurs when the mole ratio I /N,O, is less
than unity:

or by reaction 1b when I /N;0y is greater than unity:
NO7 + I — NOs(34N:04) + I(141,) 4 I™ (2a)

Seel interprets the reaction in terms of electron transfer from iodide ion (1)
to dinitrogen tetroxide, forming NO and NOj, and (2) to monomeric nitrogen
dioxide, forming NO3.

5— H I~

NO;NO = NO* + NO; = NO + I + NOj
1
N, O N, 0,
)

oNO, 25 NOr + NO7 + I,
The possible existence of nitrosyl iodide as an intermediate has been discussed
(362).
Azides: Very similar reactions occur between dinitrogen tetroxide and the
azides. Tetramethylammonium azide in excess dinitrogen tetroxide, or in
nitromethane as solvent, and aqueous sodium azide react according to the



THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1135

equation:
N3 4+ N0, — NO; 4+ N; + N0

The compound ONs (NO + N;) may be formed as an intermediate (363);
clearly such an intermediate must occur during reaction.

These separate studies on reactions with azide and iodide have enabled Seel
to elucidate in similar terms the reaction between nitrites and azides in the
presence of iodine.

2. Salts of monobasic oxy acids and anions containing oxygen: fatty acids,
nitrites, hydroxides, chlorates

Sodium acetate, sodiwm propionate, sodium butyrate: Good yields of acetic,
propionic, and butyric anhydrides have been obtained by heating the dry sodium
salts of the corresponding acids with dinitrogen tetroxide.

2CH;COONa -+ 2N,04 — (CH;CO),0 + 2NaNO; 4 N,0s

This reaction may be regarded as mediated by the hypothetical mixed an-
hydride CH;CO-0O-NO.

Nitrites: The reaction between the aqueous nitrite ion and dinitrogen tetroxide
has been mentioned in the previous section. In the solid state the same reaction
occurs; sodium, caleium and silver nitrites are all oxidized to the corresponding
nitrates and nitric oxide is liberated (293, 299).

Hydroxides: In aqueous solution hydroxide ions are replaced by nitrite and
nitrate ions as reaction with dinitrogen tetroxide proceeds. However, the evi-
dence is clear that nitrite-ion formation is only a secondary step following the
production of NO3, H*, and HONO. Classically (122, 156, 173, 221) the same
reaction has been written for the solid sodium potassium and barium hydroxides:

2NaOH +4- N;04 — NaNO; + NaNO, + H,0

although the possibility of oxidation of nitrite by excess dinitrogen tetroxide
has been recognized. Recently it has been reported that when dry sodium
hydroxide (obtained by heating for 3 hr. at 320°C. in a silver vessel in a stream
of oxygen) reacts vigorously with liquid dinitrogen tetroxide (18) only 2.5 per
cent sodium nitrite forms under conditions yielding 94 per cent conversion to
sodium nitrate.

NatOH™ 4+ NO™NO; -» NatNO;5; + HONO

This result may not exclude initial formation of both nitrite and nitrate, however,
followed by oxidation of the nitrite. The conclusion, drawn by Addison (18),
that ‘“the nitrous acid molecule reacts only slightly with sodium hydroxide” is
not an attractive one.

Chlorates: Recent work has shown that when nitrogen dioxide is passed over
moist sodium chlorate (282) or sodium chlorate containing nitric acid (391)
chlorine dioxide is formed in good yield. It is possible that the chlorine dioxide
comes from reaction between NO + ClO; formed from such reactions as the
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following:

N0, 4+ HCIO; — NO 4 ClOsy 4 HNO,

~

NO, + ClO,

A

N204 + NaC].Oa e NO + C].Os + NaNO;;

3. Divalent anions: carbonales, dibasic fatty acid salts, oxides, sulfites, and sulfates

Carbonates: Sodium carbonate dried at 600°C. reacts very slowly with liquid
dinitrogen tetroxide. After 24 hr., when 14.6 per cent conversion of sodium
carbonate has taken place, only sodium nitrate is formed (18):

Na,CO; + 2N;0, — 2NaNO; 4+ CO; 4 N;0;

Reaction at higher temperatures is more rapid and oxidation by nitrogen
dioxide occurs. At 250°C. reaction for 7 hr. produced 33 per cent conversion.
The equation written for this reaction (18) is formally the same as that above,
with N0, and N,O; replaced by 2NO, and NO, 4+ NO, respectively; both
equations represent replacement of one acid anhydride by another. No nitrite
is formed at any temperature. The same reaction is reported (67a) for calcium
carbonate.

Succinates; phthalates: Riebsomer and Reinecke (337) report a 75 per cent
yield of the cyclic acid anhydrides from the sodium salts when treated with
dinitrogen tetroxide.

Ozides: Caleium and zinc oxides react with liquid dinitrogen tetroxide, form-
ing the metal nitrate only; no nitrites are produced (19a). The equations written
are of the general form:

CaO + 2N204 i Ca(N03)2 + N203

In the gas-phase reaction, at temperatures up to 140°C., the products are
the same. Above 140°C., however, reactions are much more rapid and some
nitrite is formed as well as nitrate. The amount of nitrite formed decreases with
increased temperature and reaction time. Other reactions studied include reac-
tion with barium oxide, soda lime and potash lime, and cuprous oxide (156).

Higher oxides: Sodium peroxide forms sodium nitrate at temperatures below
140°C. and some nitrite at temperatures above this (19a). Lead dioxide absorbs
nitrogen dioxide quantitatively to form lead nitrate (111a).

Sulfites and sulfates: Seel and Meier (362a) in the course of experiments on the
reactions of the lead chamber process investigated some of the reactions of
sulfites, sulfates, and fluorosulfinates with dinitrogen tetroxide. They used
liquid sulfur dioxide as solvent. The reactions discovered were essentially the
same as those of other nitrosyl compounds; e.g., NOCl, NOBF,. The gaseous
products found included nitric oxide, nitrous. oxide, and nitrogen.
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They indicate the relative proportions of different reactions as follows:
1. With sulfites:

N;O; + 4805 — N, + 480i~  ~ 3 per cent

NyO; + 3805~ — N;O + 3805~  ~ 45 per cent

NoO; + 280; — 2NO + 280;”  ~ 16 per cent

N,0; 4+ SO — 2NO7 + SO, ~ 10 per cent

N,04 + 2805~ + 280, — 2[NO(S0s);7]  ~ 16 per cent

2. With sulfates:

N;O, + 4803~ + 480, — N; + 48,07~ ~ 55 per cent
N0, + 3804 4+ 380, — N,O + 38,07~ ~ 8 per cent
N,0; + 2803~ + 280, — 2NO + 28,07~  ~ 3 per cent
N,0, + SOi~ — 2NOj; + SO, ~ 34 per cent

The reaction involving NyO; + SO, + SO§~ may form N,yO; as an intermediate
product.
3. With fluorosulfinates:

N204 + 4SOzF_ g N2 + 4SOsF ~ 20 per cent
N0. + 380, F~ — N0 4 3S0;F ~ 35 per cent
N:04 + 280, F~ — 2NO + 280;F ~ 2 per cent

Mechanisms for these reactions involving both NO™ and NO, have been pro-
posed (362a).

X. ReacrioNs oF THE NrtroNtuM Ion, NOY

In Section IV the structure of NO7 was discussed and a number of its crystal-
line derivatives listed. The nitronium ion is also important in numerous solutions
in sulfuric acid, as is indicated by spectroscopic and cryoscopic data and by
chemical reactivity. Typical of this reactivity is its nitrating power, and if
nitrating solutes of the formula XNO, are arranged in order of increasing ni-
trating power (153), then

XNO

C:H:ONOQ, < HONO; < CH;COONO; < NO;NO; < CINO: < H:ONOf < NOf
HX = C.H:0H H,0 HOCOCH; HNO; HCl H,0* H*

This order is also the order of increasing strengths of the acids HX. A plot
giving the concentration of NOY in solutions of nitric acid and sulfuric acid
may be found in the review by Gillespie and Millen (153).
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A. NITRATION IN ACID MEDIA BY NOF
1. The nitration step

The following scheme (203) has been outlined for electrophilic substitution
by NOY in aromatic compounds of the general formula ArH:

H
+/
ArH + NOf — Ar Slow, second order
NO;
H
+/
Ar 4+ A~ — ArNO, -+ HA Fast
AN
NO,

Uptake of the nitronium ion is slow compared with the subsequent proton
transfer. In this scheme HA is the strongest acid present—e.g., sulfuric acid
in the HNO3;~H,SO, mixed acids.

2. Nitration inhibited by matrous acid or dinitrogen tetroxide

Nitrous acid retards nitration in nitric acid, nitromethane, and acetic-nitric
acid mixtures (200). In nitric acid solution, nitrous acid exists essentially in the
same form as dinitrogen tetroxide, i.e., a mixture of nitrosonium and nitrate
ions (160):

HONO + HNO; — NOT + NO7 + H.0
N0, — NO*t + NO7

These nitrate ions of course displace the ionization equilibria involving NOT so
as to reduce the formation of nitric acidium ions (H,NO7)

2HNO; — H.NO7 + NO7
H.NO7 — NO7 + H,0

and hence NO7F. Since the concentration of NO7 is lowered, so is the rate of
direct nitration.

A still stronger inhibition occurs with increased amounts of water and of
nitrous acid or dinitrogen tetroxide when nitrite ion is produced. This is of
course a much stronger base than nitrate ion and much more effective in de-
protonating the nitric acidium ion.

3. Nitration catalyzed by nitrous acid or dinitrogen tetroxide

Catalysis by nitrous acid and by nitrogen dioxide of nitrations of aromatic
compounds containing OR and NR: substituents has also been observed (56,
203). These compounds are highly reactive to electrophilic attack, whether by
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NO* or by NO3F. Although the presence of nitrous acid reduces the concentra-
tion of NO7F, the NOT ions present (N0, is & weak electrolyte: K, ~ 2 X 107°
in acetic acid-nitric acid mixtures) rapidly nitrosate the aromatic compound

N,0, —» NO* + NO37

ArH to ArNO. Even more rapid oxidation of the nitroso derivative, ArNO, to
the nitro compound, ArNO,, follows. Thus, although NO™ is specifically less
reactive than NOF, the concentration of NOY is so reduced in these circum-
stances that direct nitrosation is more rapid than direct nitration. As nitrosa-
tion is followed by speedy oxidation, the overall nitration rate is increased.

B. ESTERIFICATION BY THE NITRONIUM IoN, NOF

Nitrate esters may be prepared from alcohols and the nitronium ion. As in
nitrations, all acid anhydrides (of the general formula XNO,) which will yield
NO7Y are satisfactory. Thus, dinitrogen pentoxide with ethanol and tert-butyl
alcohol yields the nitrate ester (347), as does nitryl fluoride (NO.F) with ethanol
(196). The part played by NOY in the esterification of alcohols by the mixed
acids sulfuric and nitric acid and by nitric acid alone still requires clarification.

XI. ReEacTioNs oF THE NITRITE IoN

In the solid state relatively few simple nitrites are known. The nitrite ion has
a pronounced tendency to form codrdination compounds. In solution the nitrite
ion is found in aqueous systems containing alkali and alkaline earth nitrites, i.e.,
solutions with pH > 7. The acid ionization constant of nitrous acid (K, mole
liter) is only 6 X 107 at 30°C., and thus many of the reactions of the nitrite
ion in acid media are reactions of nitrous acid. For these and for the numerous
organic reactions of nitrous acid the reader is referred to standard texts on in-
organic and organic chemistry.

A. REACTION OF THE NITRITE ION, NO2_, WITH THE CARBONIUM ION

When alkyl halides, particularly the iodides, are treated with silver nitrite,
nitroparaffins and alkyl nitrites are formed. When potassium nitrite is used, the
tendency to form the alkyl nitrite is greater (371). The reaction between tert-
butyl bromide and tetramethyl(or ethyl)ammonium nitrite in nitromethane
solution has recently been investigated (254). The reactions are both first order
with respect to halide and zero order in nitrite ion; the rate-determining step
is the ionization of the alkyl halide to the carbonium ion. This reacts with the
nitrite ion to yield both 2-methyl-2-nitropropane and feri-butyl nitrite,

(CH;);CNO,
(CH;)sC+ 4+ NOy
(CH;); CONO
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demonstrating that both the oxygen and the nitrogen of NO7 are centers for
electrophilic attack. In addition to these reactions, elimination occurs as well,
with the formation of isobutylene. (See also reference 222a.)

B. REACTIONS OF THE NITRITE 10N, NOj, IN ALKALINE MEDIA

Even weak oxidizing agents, e.g., atmospheric oxygen, convert nitrites to
nitrates in alkaline media. Some of the more important oxidation-reduction
potentials (265) are:

Es
NOz; + 20H = NO; + H,0 4 2e —0.01v.
NO +20H =NO; + H,0 ¢ +0.46 v.
N0 + 60H™ = 2NO7 + 3H,0 + 4e —0.15 v.

C. REACTIONS OF NITRITES IN ACID MEDIA

In acid media, nitrites exist as nitrous acid (Ky ~ 6 X 107%). Some of the
appropriate oxidation-reduction potentials in acid media are:

B
N0 + 3H,;0 = 2HNO, + 4H™" + 4¢ —1.29 v.
NO + H,0 = HNO, + H* + ¢ —0.99 v.
HNO, + H,0 = NO; + 3H" + ¢ —0.94 v.

A sensitive test for nitrous acid is its reaction with a solution of sulfanilic acid
and a-napthylamine in acetic acid (Griess reagent). The azo dye formed is pink,
and its concentration may be determined colorimetrically for the quantitative
estimation of nitrous acid.

Esterification of alcohols, nitrosation of amines and phenols, and diazotization
of amines are among the many reactions with organic compounds undergone by
nitrous acid; an excellent introduction to these organic reactions is given by
Sidgwick (371). Accounts of the inorganic reactions are to be found in Gmelin’s
Handbuch (156) and many recent texts (265).

9— 2

XII. OruEr Drrivarives: REacTioNs oF THE JoNs NO:; axp NyOj
-2
A. THE HYDRONITRITE IoN, NO:

When a solution of sodium nitrite in liquid ammonia is reduced with sodium
a bright yellow solid is precipitated; its formula is Na,NO; (255, 440). Virtually
nothing detailed is known either of its chemistry or of its structure. It explodes
in moist air and hydrogen is formed. With oxygen it reacts to form a peroxide.
When protected from moisture and oxygen, the dry salt may be heated to 100°C.
without decomposition, but above this temperature violent decomposition takes
place to sodium oxide, sodium nitrite, sodium nitrate, and nitrogen.
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2_
B. THE 10N NsO4

When sodium hyponitrite, Na;N,0,, isoxidized withliquid dinitrogen tetroxide,
the compounds Na;N;0; and Na;N,O, are formed (10). Little is known of their
chemistry. With water, Na,N;O, reacts to evolve nitrous oxide.

XIII. ANALOGOUS SYSTEMS
A. NITROSYL CHLORIDE

Though the nitrogen dioxide—dinitrogen tetroxide system shows an extra-
ordinary diversity of chemical properties, the preceding sections illustrate how
a limited number of basic principles are able to provide a sound basis for inter-
pretation. The question arises: is this system unique or are there close analogs?
The answer depends on how strict our requirements are. Useful comparisons can
be made with systems that do not share all the properties of nitrogen dioxide.
Thus the behavior of nitrosyl chloride (44) shows many similarities, although
it does not share any of the free-radical properties. Its behavior as an ionizing
solvent isbased on NO™ and CI™ instead of NO* and NOj (76, 238). Thus, with
silver perchlorate it yields silver chloride and nitrosyl perchlorate; with silver
nitrate, nitrogen dioxide (298, 307). Hydrolysis or alcoholysis yields hydrochloric
acid and (respectively) nitrous acid or an alkyl nitrite (226, 356). In addition
to unsaturated compounds on the other hand, primary homolysis to NO and Cl
offers as adequate an explanation as does primary homolysis to 2NO, by NO,.

B. OTHER OXIDES OF NITROGEN

The other oxides of nitrogen offer further parallels. Nitric oxide dimerizes to
(NO); and shares many free-radical properties with nitrogen dioxide. On the
other hand, its role as the mixed acid anhydride of HNO, and “HNO” is virtually
non-existent, although sodium and potassium nitrosyls have been claimed. How-
ever, its compound with nitrogen dioxide is nitrous anhydride, now well charac-
terized and the basis of all nitrites. With nitrogen trioxide (NOj), it yields nitro-
gen dioxide, of course.

Dinitrogen pentoxide forms a solid which is actually ionic (NOFNO3) and
thus has the same relation to NyO; as NOF has to NO™. Although the nitrate
radical NO; is now well known, its dimer, N,Os, is less well substantiated. This,
the mixed anhydride of nitric and pernitric acids, may be NOFNOj, where NOy
contains the peroxy group and is O—0—NO; (133).

C. OXIDES OF OTHER GRoUP VA ELEMENTS

Phosphorus, arsenic, and antimony all form oxides of the empirical formula
X0;. The phosphorus derivative, usually written POy, yields with water a mix-
ture of phosphorous acid, H;PO;, and phosphoric acid, H;PO,; vapor density
measurements suggest that, far from dissociating readily in the gas phase, it is
present as PgO;s (418). Antimony tetroxide has been represented formally as
SbIISbVQy,, but this formula is not structurally satisfactory as it does not agree
with x-ray work; the formula SbO™-SbO; may represent its properties better.
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D. HALOGEN ANALOGS

Some of the most striking analogies are with halogen derivatives. The chem-
istry of the halogen oxides has recently been illuminated by some excellent
European work and there is no doubt that the dinitrogen tetroxide system, which
has been studied in much more detail, will prove a very valuable reference in
the systemization of the halogen oxide derivatives (227).

Two types of analogs may be chosen. On structural grounds derivatives of
the type ClO,, (CLO,) and (I0,), I,O, are the obvious choices. It has also been
argued (227) that since nitrogen belongs to Group V and the halogens to Group
VII, in choosing similar systems N should be replaced by ClY, ete.

1. “Structurally” analogous halogen oxides

Chlorine dioxide and nitrogen dioxide, both of which are angular, odd-electron
molecules, dimerize to mixed acid anhydrides, X0, With potassium hydroxide
Cly0; yields chlorite and chlorate anions.

“Chlorosonium” derivatives of CIO" (analogous to NO™) have been discus-

sed (432).

The oxide 1,0, is considered as I0(10;), and similar derivatives of 10, such as
10.(S0,), are also known (67). The reactions of IO and 107 with aromatic com-
pounds resemble those of NO* and NO3.

2. “Chemically” analogous halogen oxides

On the basis of replacing derivatives of NI and NV by CIV and CIV!' the
following pairs of compounds may be derived for comparison:

NO ClO, (NO);  ClLOq4
NO*  Clo7
NO™ ClOz

NOs CL05
NO, ClO; NyOs Cl,0¢

NOf  ClOf
NO;  Cloy
N,0s  CLO,
NO;  ClO,
NO;y  Cloy

Then the equation
2NO; = N,0; = NO* + NO7
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is replaced by
2Cl10; = CL,0s = CIOF + ClO7

So far the flow of information about the systems is largely one-way, but as
the chemistry of the chlorine oxides is extended, they may be expected to im-
prove our knowledge of the nitrogen system.

E. STRUCTURALLY ANALOGOUS SYSTEMS

Structurally, the isoelectronic principle is the guide in the search for com-
parison compounds. This is very valuable in interpreting the relations in the
series NOf, NO,, NOz, and NO;~. Thus parallels to NOF which share its
linear structure are to be found among substances as diverse chemically as COs,
BeF,, and N5. Nitrogen dioxide itself has the BF, radical and the OF and FNO+
ions—all at present unfamiliar compounds—as its isoelectronic equivalents.
Similarly the nitrite ion, NOz, is isoelectronic with ozone and with nitrosyl
fluoride and like them is not linear but has an interbond angle close to 115°.
The hydronitrite ion, NOj™, has the same number of electrons as the FO, mole-
cule (not yet characterized) and the NF, radical. Chlorine dioxide, ClOy, is a
useful guide and its known structure suggests that the process of closing the
interbond angle from 180° in NO7 reaches its extreme in this series with NOj ™.

Isoelectronic structural analogs of N»Oy4 are B,F4 and the oxalate? ion Cy05 .
Diboron tetrafluoride is not known, but the corresponding chloride, B,Cly, is
known (31b) and its structure has been determined. It is planar and sym-
metrical and has a long B—B bond. This resemblance to N;O4 is most marked.
Possibly even more striking is the resemblance between the oxalate ion
(CgOi_) and NyOy4 This extends beyond a similar structure and similar vibra-
tion frequencies to a remarkable parallel in chemical reactions. The evolution
of carbon monoxide and carbon dioxide from a solution of an oxalate in strong
sulfuric acid is familiar in elementary chemistry. When the parallel reactions of
N0, and C,05™ are written down the strong resemblance is obvious:

N,0, — NOo+ + No7; . ~No+ + mNor

NO*+* + NOf 4+ H;0*

C,0- — Cco + cor . co + meco, -2

CO 4+ CO; + H;0+

In the one system heterolysis leads to oppositely charged ions; in the other, to
a neutral molecule and a doubly negative ion. Even the final products—NO+
and CO, NO7F and CO;—are isoelectronic.

3The analogy emphasized here between C,0;~ and N,O4 serves as a reminder that
ClO,, despite its superficial affinities with NO,, has structural differences from it. These
will make themselves felt in Cl,O,, which is isoelectronic with P,F; and 8,05~ and which, un-
like N,O¢, will not be a planar molecule. The dithionate ion, 803", has been shown by
Dunitz (122a) to be non-planar.
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XIV. APPENDIX

Kinetic data available for the reactions of NO, species

Class of Reaction Example Kolxl.]g:!l.c Pre%?&gfgtml AcEtli]\:;éi;n References
keal. mole™!
Radical-radical associa-| 2NOz2 — N2Oa 2 108.7 0 (79)
tion Cl + NOz — CINO: 2@ — - (96)
NOi 4+ NOz — N:205 2 1010.3 1+ 4 (208)
Addition to unsaturated| CeFq 3 1035 to 1010-% | 12.5 to 18 N
compound CsHs 3 109-7 13.8 (98)
CaH: 2 1071 15 (393)
Hydrogen abstraction CH, 2 106 21 (178)
CH:0 2 1071 to 108 15,1 to 19 (314, 394)
CH:CHO 2 107 13.5 (72, 249)
(CHO): 2 108-2 19.8 (394)
0 — 02 2 — 24 (193, 375)
Metathesis (I) Na — NaO 2 - ?2.4 (42)
Ozidation by NO: NO exchange reactions 2 — 10.5 (228)
0z — 05 2 1081 50.2 209)
CO — CO: 2 1087 27.8 (101-104)
S0z — S04 2 - 24.5 (63, 202, 223)
03— 02 2 1098 7+0.6 (212)
Metathesis (IT) F; —» FNO; 2 1091 10.5 (32, 306)
Oxidation of NO2 Cl; — CINO: 2 - — (96, 287)
NO; —» NO; (exchange reaction)| 2 — —_ (284, 286)
Metathesis (IIT) 2NO; — 2NO + 02 2 1089 25 (81, 62, 216)
Decomposition NO:+ NOs—=» NO+ NO; 4+ 02 | 2 108-6 5+3 (208)

* Expressed in liter mole~! sec,”! unita: “normal” value in these units is 101 to 101 for bimolecular reactions and
10 to 1010 for termolecular reactions.

The authors have been fortunate in having frequent valuable discussions with
Dr. David Samuel, to whom they owe their warmest thanks, They also thank
Professor J. R. Partington, Mr. M. W. T. Pratt, Dr. A. G. Sharpe, and Dr. R.
M. H. Wyatt for their comments.

XYV. REFERENCES

(1) AsEL, E.: Z. physik. Chem. 148, 337 (1930).
(2) AsEeL, E., anD Proisy, J.: Z. Elektrochem. 37, 712 (1929).
(3) Apawms, G. K., axp Bawn, C. E. H.: Trans. Faraday Soc. 45, 494 (1949).
(4) Apawms, G. K., ParkEr, W. G., aANp WorrHARD, H. G.: Discussions Faraday Soc.
14, 97 (1953).
(5) Apprson, C. C., ALLEN, J., BoLton, H. C., AND LEwIs, J.: J. Chem. Soc. 1951, 1289.
(6) Appison, C. C., Bouron, H. C., anp Lewis, J.: J. Chem. Soc. 1951, 1294.
(7) Appison, C. C., axp ConpuiT, C. P.: J. Chem. Soc. 1952, 1390.
(8) Apprson, C. C., Conpuit, C. P., axp TrOMPSON, R.:J. Chem. Soc. 1951, 1297,
(9) Abprson, C. C., Conpurr, C. P., aNp TroMpson, R.: J. Chem. Soc. 1952, 1303.
(10) Appison, C. C., GamLEN, G. A., aND THOMPSON, R.:J. Chem. Soc. 1952, 346.
(11) Appison, C. C., axp Hobag, N.: Nature 171, 569 (1953).
(12) Appison, C. C., Hooae, N., aND LEwIs, J.: J. Chem. Soc. 1953, 2631.
(13) Appison, C. C., Hopez, N., anp SEELDON, J. C.: Chemistry & Industry 1953, 1338.



THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1145

(14) Appison, 7. C., Hopgg, N., aND TrOMPSON, R.: J. Chem. Soc. 1954, 1143,

(15) Apbpison, C. C., axNp Lewis, J.: J. Chem. Soc. 1951, 2833.

(16) Apbpison, C. C., aNp LEwis, J.:J. Chem. Soc. 1951, S631.

(17) Apbpison, C. C., aND LEwis, J.: J. Chem. Soc. 1952, 4079.

(18) Appison, C. C., aND LeEwis, J.: J. Chem. Soc. 1953, 1319.

(19) Appison, C. C., aNp LEWIs, J.: J. Chem. Soc. 1953, 1837.

(19a) Apbison, C. C., anp Lewis, J.: J. Chem. Soc. 1953, 1874.

(20) Apbison, C. C., aND LEwis, J.: Quart. Revs. (London) 9,115 (1955).

(21) Appison, C. C., LEwrs, J., aND THoMPsON, R.: J. Chem. Soc. 1949, 5211,

(22) Appison, C. C., Lewis, J., axp THOMPSON, R.: J. Chem. Soc. 1951, 2838.

(23) Appison, C. C., LEwis, J., aNp THoMPSON, R.: J. Chem. Soc. 1951, 2829,

(24) Apbpison, C. C., aNp Tuompson, R.: Nature 162, 369 (1948).

(25) Apbpison, C. C., aND TrompsonN, R.: J. Chem. Soc. 1949, 218.

(252) AMacart, E. H.: Compt. rend. 153, 854 (1911).

(26) AxBaR, M., Dostrovsky, I., SamueL, D. H., anp Yorrg, A. D.: J. Chem. Soc.
1954, 3603.

(27) AnBar, M., axp Tausg, H.: J. Am. Chem. Soc. 77, 2993 (1955).

(28) Angus, W. R., JonEs, R. W., axD PriLLIps, G. O.: Nature 164, 433 (1949).

(29) ArriN, A., CmarITON, J. B., AND TobDEs, O. M.: Acta Physicochim. U.R.8.8. 5,
655 (1936).

(30) Argo, W. L., James, E. M., anp Do~NsLLY, J. L.: J. Phys. Chem. 23, 578 (1919).

(31) Asamorg, P. G.: Research (London) 7, 835 (1954).

(31a) AsuMmoRrg, P. G.: Trans. Faraday Soe. 51, 1090 (1955).

31b) Arosi, M., Lirscoms, W. N., AND WHEATLEY, P. J.: J. Chem. Phys. 23, 1176 (1955).

(32) Aymonino, P.J., SicrE, J. E., AND ScHUMACHER, H. J.:J. Chem. Phys. 22, 756 (1954).

(33) BacumanNy, G. B., Atwoop, M. T., AND Porrack, M.: J. Org. Chem. 19, 312 (1954).

(33a) BacuMANN, G. B., AND FEUER: Abstracts of Papers Presented at the 128th Meeting

of the American Chemical Society, September 11-16, 1955.

(34) Bacumany, G. B., Hass, H. B., anp Apprsox, L. M.: J. Org. Chem, 17, 914 (1952).

(35) Bacumann, G. B., Hass, H. B., anp NEwerrT, J. V.:J. Org. Chem. 17, 928 (1952).

(36) Bacumann, G. B., anp PoLrack, M.: Ind. Eng. Chem. 46, 713 (1954).

(37) BADEKER, K.: Z. physik. Chem. 36, 315 (1901).

(38) Bawbock, H., Levy, N., axp Scarrg, C. W.:J. Chem. Soc. 1949, 2627.

(38a) Batcuinski, A, J.: Z. physik. Chem. 84, 658 (1913).

(39) BarTEGAY, M., AND DENIVELLE, L.: Bull. soc. chim. 47, 609 (1930).

(40) Bauer, 8. H., anp Gustavson, M. R.: Discussions Faraday Soc. 17, 69 (1954).

(41) BauMmeg, G., aND RoBERT, M.: Compt. rend. 169, 968 (1919).

(42) Bawn, C. E. H,, anDp Evans, A, G.: Trans. Faraday Soc. 33, 1571 (1937).

(43) BaxTeER, W. P.:J. Am. Chem. Soc. 52, 3920 (1930).

(44) Beckuam, L. J., FessLER, W. A., aND Ki1sg, M. A.: Chem. Revs. 48, 319 (1951).

(45) BExnEWITZ, K., AND WINDISCH, J. J.: Z. physik. Chem. A166, 413 (1933).

(46) BEeRL, E., AND BarTH, K.: Z. physik. Chem., Bodenstein Festband, p. 222 (1931).

(47) BernstEIN, H. J., AND Burns, W. G.: Nature 166, 1039 (1950).

(48) BERTHELOT, M.: Ann. chim. phys. [5] 6, 178 (1875).

(49) BERTHELOT, M.: Ann. chim. phys. [5] 20, 255 (1880).

(50) BERTHELOT, M., AND OGIER, J.: Bull. soc. chim. [2] 37, 435 (1882).

(51) BErRTHELOT, M., AND OGIER, J.: Compt. rend. 94, 916 (1882).

(52) BerTHELOT, M., AND OGIER, J.: Ann. chim. phys. [5] 30, 391 (1883).

(53) Besson, A., aND Rosser, G.: Compt. rend. 142, 633 (1906).

(54) Bivrz, W.: Ber. 35, 1528 (1902).

(55) Bivrz, W., FiscHER, W., AND WUNNENBERG, E.: Z. anorg. Chem. 193, 358 (1930).

(56) BracraLn, E. L., Hugrss, E. D., anp Ingowp, C. K.: J. Chem. Soc. 1952, 26.

(57) BopENSTEIN, M., et al.: Z. Elektrochem. 24, 183 (1918).

(58) BoDENSTEIN, M., et al.: Z. physik. Chem. 100, 87, 106 (1922).



1146 PETER GRAY AND A. D. YOFFE

(59) BopexsTEIN, M., AND BoEs, F.: Z. physik. Chem. 100, 75 (1922).
(60) BopEnsTEIN, M., AND KaTAYAMA, M.: Z. Elektrochem, 15, 244 (1909).
(61) BopeEnsTEIN, M., AND LINDNER, F.: Z. physik. Chem. 100, 82 (1922).
(62) BopENSTEIN, M., AND RAMSTETTER, H.: Z. physik. Chem. 100, 106 (1922).
(63) Boreskov, G. K., aND ILar1ONOV, V. V.: J, Phys. Chem. (U.S.8.R.) 14, 1428 (1940).
(64) Bousrierp, W. R.: J. Chem. Soc. 115, 47 (1919).
(65) Bousrierp, W. R.: J. Chem. Soc. 115, 53 (1919).
(66) Brass, P. D., anDp Touman, R. C.: J. Am, Chem. Soc. 54, 1003 (1932).
(67) BrastED, R. C.: Comprehensive Inorganic Chemistry. Vol. 8. The Halogens. The
Macmillan Company, London (1954).
(67a) BRINER, E., LugriN, J. P., AND MoNNIER, R.: Helv. Chim. Acta 13, 69 (1930).
(68) BrinNER, E., PreIFER, W., AND MaLET, G.: J. chim. phys. 21, 25 (1924).
(69) BrINTZINGER, H., AND PrannstTiEL, K.: Z. anorg. Chem. 265, 325 (1948).
(70) BroaDLEY, J. S., AND RoBERTSON, J. M,: Nature 164, 915 (1949).
(71) Brown, M., aND WiLson, M. K.:J, Chem. Phys. 22, 955 (1954).
(72) BRoWNING, L.: Personal communication (1954).
(73) Bruni, G., AND BERTI, P.: Atti accad. Lincei [5] 9, I, 323 (1900).
(74) Brunt, G., anp BerT, P.: Gazz. chim. ital. 80, II, 152 (1900).
(75) BUCKLER, E. J., AND NorrisH, R. G. W.: Proc. Roy. Soc. (London) A172, 1 (1939).
(76) Burg, A. B., aAxp McKENzIE, D. E.: J. Am. Chem. Soc. 74, 3143 (1952).
(77) CampBELL, K. N, SHAVEL, J., AND CampBELL, B. K.: J. Am. Chem. Soc. 74, 2400
(1953).
(78) CarpPENTER, G. B.: Acta Cryst. 5, 132 (1952).
(79) CARRINGTON, J., AND DaviDsoN, N.: J. Phys. Chem. 57, 418 (1953).
(80) CaupLE, P. G., aND DENBIGH, K. G.: Trans. Faraday Soc. 49, 39 (1953).
(81) CuaLvET, O., AND DAUDEL, R.: J. chim. phys. [2] 49, 77 (1952).
(82) CuaMBERLAIN, G. H. N., AND WaLsH, A. D.: Colloq. intern. centre natl. recherche
sei. (Paris), p. 20 (1948).
(83) CuamBERLAIN, G. H. N., aNpD Wawsu, A. D.: Third Symposium on Combustion,
Flame and Explosion Phenomena, pp. 368, 375. Williams & Wilkins, Baltimore (1949).
(84) CuawmBERS, F. 8., AND SHERWoOD, T. K.: Ind. Eng. Chem. 29, 1415 (1937).
(85) Cufipin, J.: Compt. rend. 202, 220 (1936).
(86) CuepinN, J.: Ann. chim. phys. 8, 243 (1937).
(87) CufipiN, J., AND PRrADIER, J. C.: Compt. rend. 203, 722 (1936).
(88) Craksson, 8., DoNOHUE, J., AND ScHOMAKER, V.: J. Chem. Phys. 16, 207 (1948).
(89) CraRrk, W.: The Natural History of Nitre. Printed by E. Okes for Nathaniel Brook at
the Angel in Cornhill, near the Royal Exchange, London (1670).
(90) Crustus, K., aNp VEccul, M. : Helv. Chim. Acta 36, 930 (1953).
91) CorrmaN, D. D., Kaarascu, M. 8., RigBY, G. W., BARRICK, P. L., AND HANFORD,
W.E.:J. Org. Chem. 14, 747 (1949).
(92) Couen, J. B., aNp CaLverT, H.: J. Chem. Soc. 71, 1050 (1897).
(93) Comyns, A. E.: Nature 172, 491 (1953).
(94) Couyns, A. E.: J. Chem. Soc. 1955, 1557.
95) Corcoran, W.H., REaMER, H. H., AND SacE, B. H.: Ind. Eng. Chem. 46, 2541 (1954).
(96) Corpes, H. F., axp Jonnsron, H. 8.: J. Am. Chem. Soc. 76, 4264 (1954).
97) CortrELL, T. L., AND GRAHAM, T, E.: J. Chem. Soc. 1953, 556.
(98) CorrreELL, T. L., ANpD GrRAHAM, T. E.: J. Chem. Soc. 1954, 3644.
(99) CorrreLL, T. L., GRagaMm, T. E., axp Rep, T. J.: Trans. Faraday Soc. 47, 584,
1089 (1951).
(100) Cox, E. G., JerrrEY, G. A., AND TRUTER, M. R.: Nature 162, 259 (1948).
(101) Crisr, R. H., ANp BrowN, F. B.: J. Chem. Phys. 9, 840 (1941).
(102) Crisrt, R. H., aNp CaLHOUN, G. M.: J. Chem. Phys. 4, 696 (1936).
(103) Crist, R. H., axp CarLuoUN, G. M.: J. Chem. Phys. 5, 301 (1937).
(104) Crist, R. H., anp Roenring, O. C.: J. Am. Chem. Soc. 57, 2196 (1935).



THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1147

(105) CuNpaLL, J. P.: Trans. Chem. Soc. 59, 1076 (1891).

(106) CunpaLL, J. P.: Trans. Chem. Soc. 67, 794 (1895).

(107) CunpaLy, J. P.: Trans. Chem. Soc. 67, 807 (1895).

(108) CutHBERTSON, C., AND CUTHBERTSON, M.: Proc. Roy. Soc. (London) A89, 365 (1914).

(109) DainTon, F. 8., axp NorrisH, R. G. W.: Proc. Roy. Soc. (London) A177, 393, 421
(1941).

(110) DaveNpoRT, D, A., BurkHARDT, H. J., AND S1sLER, H. H.: J. Am. Chem. Soc. 75,
4175 (1953).

(111) DenBIGH, K. G., AND PRINCE, A. J.: J. Chem. Soc. 1947, 790.

(111a) DENNsTEDT, F., AND HasSLER, F.: Chem. Ztg. 33, 133 (1909).

(112) DEeviLig, H. 81-C., anp Troost, L.: Compt. rend. 64, 240 (1867).

(113) DeviLLe, H. 87-C., AND TrRoosT, L.: Z. Chem. [2] 3, 284 (1879).

(114) DickinsoN, R. G., aNp BaxteEr, W. P.: J. Am. Chem, Soc. 50, 774 (1928).

(115) Divers, B., aNp SHiMIDZU, T.: J. Chem. Soc. 47, 630 (1885).

(116) Dixon, H. B., axp PeTERKIN, J. D.: J. Chem. Soc. 75, 613 (1899).

(117) Dopp, R. E., anp RoBinson, P. L.: Ezxperimental Inorganic Chemistry, p. 234. El-
sevier, Amsterdam (1954).

(118) Dorsky, J.: Thesis, Purdue University, 1940.

(119) Downs, D., WawLsa, A. D., AND WHEELER, R. W.: Trans. Roy. Soc. (London) A243,
463 (1951).

(120) DuLMace, W. G., MeYERS, E. A., ANp Lipscoms, W. N.: J. Chem. Phys. 19, 1432
(1951).

(121) DuLong, P. L.: Quoted in Gmelin (156).

(122) Durong, P. L.: Ann. chim, phys. [2] 2, 326 (1816).

(122a2) Dunitz, J. D.: Personal communication (1955).

(123) EgerToN, A. C., AND POWLING, J.: Collog. intern. centre natl. recherche sci. (Paris),
p- 5 (1948).

(124) ELBE, G. voN, aND LEwis, B.: J. Am. Chem. Soc. 61, 1350 (1939).

(125) Eriks, K., aNp MacGrLLavry, C. H.: Acta Cryst. 7, 430 (1954).

(126) EuckEen, A.: Quoted in Miiller-Pouillet’s Lehrbuch der Physik, 11th edition, Vol. 3,
Part I, p. 652. Brunswick (1926).

(127) Farriie, A. M., CARBERRY, J. J., AND TREAcCY, J. C.: J. Am. Chem. Soec. 75, 3786
(1953).

(128) FaLx, F., aND Prasg, R. N.: J. Am. Chem. Soc. 76, 4746 (1954).

(129) Farapay, M.: Phil. Trans. 1, 66 (1840).

(130) FARBER, M., AND DARNELL, A. J.: J. Chem. Phys. 22, 1261 (1954).

(131) Feurciaxt, C.: Physik. Z. 6, 21 (1905).

(132) FéveE, R. J. W, LE: Dipole Moments. Methuen, London (1938).

(133) FIcHTER, F., AND BRUNNER, E.: Hely. Chim. Acta 12, 306 (1929).

(134) Foorp, 8. G., anp Norrrsu, R. G. W.: Proc. Roy. Soc. (London) A152, 196 (1935)

(135) Foorp, 8. G., anp Norrist, R. G. W.: Proc. Roy. Soc. (London) A157, 503 (1936).

(136) ForsyrH, J. S., AND TownNEND, D. T. A.: Inst. Gas Engrs. Commun. No. 220; Gas
World 111, 358 (1939); Chem. Abstracts 34, 4572 (1940).

(137) ForsyTHE, W. R., AND G1auque, W. F.: J. Am. Chem. Soc. 64, 48 (1942).

(138) FraxNkLAND, P. F., AND FARMER, R. C.: Proc. Chem. Soc. 17, 201 (1901).

(139) FRANKLAND, P. F., AND FARMER, R. C.:J. Chem. Soc. 79, 1356 (1901).

(140) FRANKLAND, P. F., AND FARMER, R. C.: J. Chem. Soc. 79, 1370 (1901).

(141) FreruiNg, E. C., Jounston, H. 8., axp Oag, R. A.: J. Chem. Phys. 20, 327 (1952).

(142) Frtsacques, C.: Compt. rend. 231, 1061 (1950).

(143) FRIEDBERG, L. H.: Ber. 8, 1616 (1875).

(144) Fromvich, P. K., HarriNgTON, P. J., AND WarLT, A. H.: J. Am. Chem. Soc. 50, 3216
(1928).

(145) Frost, A. A., anD PrarsoN, R. G.: Kinetics and Mechanism, p. 113. John Wiley and
Sons, Ine., New York (1953).



1148 PETER GRAY AND A. D. YOFFE

(146) GeDpYE, G. R.:J. Chem. Soc. 1931, 3016.

(146a) GerseLER, G.: Angew. Chem. 67, No. 9-10, 270 (1955).

(147) GersmiNowITz, H., aND E¥ring, H.: J. Am. Chem. Soc. 57, 985 (1935).

(148) Gmosw, P. N., anp Monantr, P, C.: Physik. Z. 30, 531 (1929).

(149) Giavque, W. F., axp Kemp, J. D.: J. Chem. Phys. 6, 40 (1938).

(150) GrBins, B. J., ErcunorN, G, L., axp S1sLer, H. H.: J. Am. Chem. Soc. 76, 4668
(1954).

(151) Grsson, C. H., axp HinsHELWOOD, C. N.: Trans. Faraday Soc. 27, 559 (1928).

(152) GiLespig, R.J., Granay, J., Huerss, E. D., INcowp, C. K., ANp PEELING, E.R. A.:
J. Chem. Soc, 1950, 2504,

(153) Gruiespig, R. J., axp MinLen, D. J.: Quart. Revs. (London) 2, 277 (1948).

(154) GiMMEL'MAN, G. A., NEIMAN, M. B., AND Soxov, P. V.: J. Phys. Chem. (U.S.8.R.) 8,
458 (1936); Chem. Abstracts 31, 1268 (1937).

(155) GurassTons, 8., LADLER, K, J., aND EvRinG, H.: The Theory of Rate Processes. Me-
Graw-Hill Book Company, Inc., New York (1941). .

(156) GueLIN’s Handbuch der anorganische Chemie, 8th edition, Vol. 4, p. 782 ff. Deutsche
Chemische Gesellschaft, Berlin (1936).

(157) Gopparp, D. R.,, Hueres, E. D, anp Ingorn, C. K,: Nature 1568, 480 (1946); J. Chem,
Soc. 1950, 2559,

(158) GoLpHAMMER, D. A.: Z. physik. Chem. 71, 619 (1910).

(159) Gowus, 8., AND KoNDRATIEY, V.: Physik. Z. Sowjetunion 1, 626 (1932).

(160) GouLpEeN, J. D. 8., aNp MiLLEN, D. J.: J. Chem. Soc. 1950, 2620.

(161) Gray, J. A., axDp STYLE, D. W. G.: Trans. Faraday Soc. 49, 52 (1953).

(162) Gray, P.: Proc. Roy. Soc. (London) A221, 462 (1954).

(163) Gray, P.: Trans. Faraday Soc. 51, 1367 (1955).

(164) Gray, P.: Fifth Symposium on Combustion. Reinhold Publishing Corporation, New
York (1955).

(165) Gray, P., Harr, A. R., aNp WorrHARD, H. G.: Proc. Roy. Soc. (London) 232,
389 (1955).

(166) Gray, P., aNp Pra1T, M. W, T.: Unpublished work.

(167) Gray, P., aND RogErs, G. T.: Trans. Faraday Soc. 50, 28 (1954).

(168) Gray, P., AND YoFrE, A. D.: Proc. Roy. Soc. (London) A200, 114 (1949).

(169) Gray, P., anp Yorre, A. D.: J. Chem. Soc. 1950, 3180.

(170) Gray, P., Yorrg, A. D., AND RoSELAAR, L.: Trans. Faraday Soc. 51, in press (1955).

(171) Grison, E., Eriks, K., AND pE VRIES, J. L.: Acta Cryst. 8, 290 (1950).

(172) GrunerseN, E., anp GoENs, E.: Ann. Physik [4] 72, 193 (1923).

(173) GunsBERG, R.: Ber. Wien. Akad. 68, II, 498 (1873).

(174) HavrpenNY, E., AND RoBINsON, P. L.: J. Chem. Soc. 1952, 928.

(175) HavrpeENNY, E., AnD RoBINSON, P. L.: J. Chem. Soc. 18562, 939.

(175a) HavperiN, J., aND TaUBE, H.: J. Am. Chem. Soc. 74, 378 (1952).

(176) Handbook of Physics and Chemistry. Chemical Rubber Publishing Company, Cleve-
land, Ohio (1951).

(177) HanrzscH, A., AND BERGER, K.: Z. anorg. Chem. 190, 321 (1930).

(178) HARNSBERGER, H. F.: Thesis, University of California, Berkeley, 1951.

(179) Hagris, L., BExepict, W. 8., axp King, G. W.: Nature 131, 621 (1931).

(180) Harnrrs, L., anp King, G. W.: J. Chem. Phys. 2, 51 (1934).

(181) Harris, L., Kixg, G. W., Baxepict, W. 8., aND PraRsE, R. W. B.: J, Chem. Phys.
8, 765 (1940).

(182) Harris, L., anp SiEGeL, B. M.: J. Am. Chem. Soc. 63, 2520 (1941).

(183) HaRTECEK, P., AND DoNDES, S.: J. Chem. Phys. 22, 953 (1954).

(183a) Hass, H. B., DorsKyY, J., aNp Hobag, E. B.: Ind. Eng. Chem. 33, 1138 (1941).

(184) Hass, H. B., Hopgg, E. B., AND VaNDERBILT, B. M.: Ind. Eng. Chem. 28, 339 (1936).

(185) Hass, H. B., axp HupaIN, D, E.: J. Am. Chem. Soc. 76, 2692 (1954).

(186) HaszeLpINg, R. N.: J. Chem. Soc. 1953, 2075.



THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1149

(187) HaszeLpINE, R. N.: J. Chem. Soc. 1953, 2525.

(188) HaszeLpINE, R. N., anp Francars, W.: J. Am. Chem. Soc. 76, in press (1955).

(189) Haven, Y.: Discussions Faraday Soc. 17, 109 (1954).

(190) Havens, G. G.: Phys. Rev. [2] 41, 337 (1932).

(191) HenDRICKS, 8. B.: Z. Physik 70, 699 (1931).

(192) Henrr, V.: Nature 125, 202 (1930).

(193) Henriques, F. C.,Duncan, A.B. F., aND Noves, W. A.:J. Chem. Phys. 6, 518 (1938),

(194) HerzreLD, K. F.: Z. Physik 8, 132 (1922).

(195) HesLop, R. B., anp Rosinson, P. L.: J. Chem. Soc. 1954, 1271.

(195a) HeTHERINGTON, G., NIcHOoLs, M. J., AND RoBINsoN, P. L.: J. Chem. Soc. 1955, 3141.

(196) HETHERINGTON, G., AND RoBIxsoN, P. L.: J. Chem. Soc. 1954, 3512.

(197) Hrssamann, H. J., Prerson, E. H., anp Hass, H. B.: Ind. Eng. Chem. 81, 427 (1940).

(198) Houmes, H. A.; aNp Danters, F.: J. Am. Chem. Soc. 56, 630 (1934).

(199) Hovr, W., anD Sims, W. E.: J. Chem. Soc. 65, 440 (1895).

(200) Hugres, E. D., IngoLp, C. K., anp REIp, R. I.: J. Chem. Soc. 1950, 2400.

(201) Hueass, E. D., IncoLp, C. K., axp Ripp, J. H.: Nature 166, 642 (1950).

(202) Inantov, V.V.:J. Phys. Chem. (U.S.8.R.) 15, 113 (1941).

(203) Incorp, C. K.: Structure and Mechanism in Organic Chemistry. G. Bell and Sons,
London (1954).

(203a) Ingowrp, C. K., aND M1LLEN, D. J.: J. Chem, Soc. 1950, 2612,

(204) Ingoup, C. K., MiLLEN, D, J., AND PooLg, H. G.: Nature 158, 480 (1946).

(205) International Critical Tables, Vol. IIL p. 133 (1928); Vol. IV, p. 44. McGraw-Hill
Book Company, Inc., New York (1928).

(206) Joxes, C. W., Pricg, W. J., axp WEBB, H. W.: J. Chem. Soc. 1929, 312.

(207) Jongs, L. H., Bapger, R. M., aND Moorgg, G. E.: J. Chem. Phys. 19, 1599 (1951).

(208) JounsToN, H. 8.:J. Am. Chem. Soc. 73, 4542 (1951).

(209) Jomnston, H. 8., aNp CrosByY, H. J.: J. Chem. Phys. 22, 689 (1954).

(210) Jomnston, H. 8., ForriNg, L., aAND THOMPSON, R. J.: J. Phys. Chem. 567, 390 (1953).

(211) Jounston, H. 8., FoErING, L., YU-SHENG TA0, AND MEsSERLEY, G. H.:J. Am. Chem.
Soc. 73, 2319 (1951).

(212) Jomnston, H. 8., axp Yost, D. M.: J. Chem. Phys. 17, 386 (1949).

(213) KAEMMERER, J. F., CorLins, T. G., Rammonpi, P., anp Treacy, J. C.: O.N.R. Re-
port No. 392,

(213a) KanpEL, R. J.: J. Chem. Phys. 23, 84 (1955).

(214) KaNE, G. P.: Proc. Roy. Soc. (London) A171, 251 (1939).

(215) KanE, G. P., anp Panort, M. G.: Proc. Indian Acad. Sci. 164, 87 (1942).

(216) KassgL, L.: The Kinetics of Homogeneous Gas Reactions, p. 156. Reinhold Publishing
Corporation, New York (1932).

(217) Kistiaxkowsky, G. B., anp Ricuarps, W. T.: J. Am. Chem. Soc. 52, 4661 (1930).

(218) KLEMENC, A., AND HAYEK, E.: Monatsh. 54, 407 (1929).

(219) KLEMENC, A., AND RUPP, J.: Z. anorg. Chem. 194, 54 (1930).

(220) KLEMENC, A., AND SCHROTH, A.: Ber. 58, 173 (1925).

(221) KLINGER, G.: Z. angew. Chem. 27, 7 (1914).

(222) K~EsER, H. O., AND GAULER, O.: Physik. Z. 37, 677 (1936).

(222a) KornBLUM, N., Larson, H. O., MooBerry, D. D., BLackwoop, R. K., OLivero,

E. P, anp GranaM, G. E.: Chemistry & Industry 1955, 443.

(223) Kuz’minivkH, I. N., TurknaN, E. Y., aAND ArcurPova, M. 8.: Z. anorg. Chem.
226, 310 (1936).

(224) LangsETH, A., AND WaLLES, E.: Z. physik. Chem. 27, 209 (1934).

(225) LaviLLg, J. R., anp WaTERs, W. A.: J. Chem. Soc. 1954, 400.

(226) LEERMAKERS, J. A., AND RamsrErGER, H. C.: J. Am. Chem. Soc. 54, 1837 (1932).

(227) Leumann, H. A,, aNp KrUGER, G.: Z. anorg. Chem, 274, 141 (1953).

(228) Lurrer, E.: J. Chem. Phys. 8, 301 (1940).

(229) Levy, J. B.: J. Am. Chem. Soc. 76, 3254, 3790 (1954).



1150 PETER GRAY AND A. D, YOFFE

(230) Levy, J. B.: NAVORD Report No. 2608.

(231) Levy, N.: Personal communication (1955).

(232) Levy, N., aAnD Rosg, J. D.: Quart. Revs. (London) 1, 358 (1947).

(232a) Levy, N., Rour, A. E,, Geg, K. W., axp ImPERIAL CHEMICAL INDUSTRIES LTD.:
British patent 586,203; Chem. Abstracts 42, 585 (1948).

(233) Levy, N, aND Scatrg, C. W.: J. Chem. Soc. 1946, 1093.

(234) Levy, N., Scarre, C. W., ANp WiLpEr-SmrTH, A. E.: J. Chem. Soc. 1948, 1096, 1100.

(235) Levy, N., Scarrs, C. W., aAND WiLDER-SMmiTH, A. E.: J. Chem. Soc, 1948, 52,

(236) Lewis, B., sxp ELBE, G. von:J. Am. Chem. Soc. 59, 2022 (1937).

(237) Lewis, B., anp ELBE, G. von: Combustion, Flames and Explosions of Gases. Academic
Press, New York (1951).

(238) Lewis, J., aNp WiLkINs, R. G.: Chemistry & Industry 1954, 634,

(239) Line, H. W., axp StsLER, H. H.: J. Am. Chem. Soc. 75, 5191 (1953).

(240) Liprincort, E. R.: Unpublished work.

(241) Lipscoms, W.: Private communication regarding unpublished work.

(242) Lonauet-Higarns, H. C.: Nature 153, 408 (1944).

(243) Lowry, T. M., anp LEmoN, J, T.: J. Chem. Soc. 1986, 6.

(244) Lowry, T. M., Lro¥p, E., aND Lroyp, W, V.: J. Chem. Soc. 1936, 10.

(245) Lyn~w, 8., Mason, D, M., aNp CorcoraN, W, H.: J. Phys. Chem. 59, 238 (1955).

(246) McArEeE, K. B.: Phys. Rev. 78, 340 (1950).

(247) McCoLrLuy, E. D.: J. Am. Chem. Soc. 49, 28 (1927).

(248) McDowsLL, C. A., aND TroMas, H. H.: Trans. Faraday Soc. 46, 1030 (1950).

(249) McDowEgLL, C. A., aND TroMas, J. H.: Trans. Faraday Soc. 46, 1037 (1950).

(250) McDoweLL, C. A., AND THoMmas, J. H.: J. Chem. Soc. 1950, 1462.

(251) McLeary, R. F., axp DEGERING, E. F.: Ind. Eng. Chem. 30, 64 (1938).

(252) MaagNANINI, G., AND MaLagNiNI, G.: Atti accad. Lincei [5] 6, IT, 22 (1897).

(253) MaagNanInt, G., AND ZuNINo, V.: Gazz. chim. ital. 30, I, 405 (1900).

(254) MARE DE La, P. B. D., Huengs, E. D., Incowp, C. K., anp PockEr, Y.: J. Chem.
Soc. 1954, 2930.

(255) MaxtED, E. B.: J. Chem. Soec. 111, 1016 (1917).

(256) MEHRING, A, L., Ross, W. H., axp MERz, A. R.: Ind. Eng. Chem. 21, 379 (1929).

(257) MELDRUM, A.:J. Chem. Soc. 1933, 905,

(258) MELLOR, J. W.: Comprehensive Treatise on Inorganic and Theoretical Chemistry,
1st edition, Vol. VIII. Longmans Green and Co., Ltd., London (1928).

(250) MiLLEN, D. J.: J. Chem. Soc. 1950, 2600.

(260) MiLLEN, D. J.: J. Chem. Soc. 1950, 2606.

(261) MrLLEN, D. J.: J. Chem. Soc. 1950, 2620.

(262) MILLEN, D. J.: Personal communication (1955).

(263) MitrascH, A., Kuss, E., AND ScHLUETER, H.: Z. anorg. Chem. 159, 32 (1926).

(264) MoELLER, T.: J. Chem. Educ. 24, 149 (1947).

(265) MoELLER, T.: Inorganic Chemistry. John Wiley and Sons, Inc., New York (1952).

(266) MosLwyn-Hucues, E. A.: Reactions in Solution, 2nd edition, p. 183. Oxford Uni-
versity Press, London (1947).

(267) Moorg, G. E.: J. Opt. Soc. Amer. 43, 1045 (1953).

(268) NarTaxson, E., aNp NaTaNson, L.: Wied. Ann. 24, 463 (1885).

(269) NaTanson, E., anp NaranNsoN, L.: Wied. Ann. 27, 614 (1886).

(270) NERrNsT, W.: Boltzmann Festschrift, p. 904. Wilhelm Engelman, Leipzig (1904).

(271) NEUBERGER, D., AND DuncaN, A. B. F.: J. Chem. Phys. 22, 1693 (1954).

(272) NEUMaN, M., aND Arvazov, B.: Z. physik. Chem. 33B, 349 (1936).

(273) Newman, R.: J. Chem. Phys. 20, 444 (1952).

(274) NieumiNGaLE, R. E., Cowan, G. R., aNp CrawroRD, B.: J. Chem. Phys. 21, 1398
(1953).

(275) Norrisz, R. G. W.: J. Chem. Soc. 1931, 1158, 1604, 1611.

(276) NorrisH, R. G. W., AsgMORE, P. G., AND DaintoN, F. S.: Nature 175, 546 (1955).



THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1151

(277) NorrisH, R. G. W., anp GrirriTHS, J. G. A.: Proc. Roy. Soc. (London) A139, 147
(1933).

(278) NorrisH, R. G. W., AND PoRrTER, G.: Proe. Roy. Soc. (London) A210, 439 (1952).

(279) Norrise, R. G. W., PorTER, G., AND THRUSH, B. A.: Proc. Roy. Soc. (London)
A216, 165 (1953).

(280) NorrisH, R. G. W., PorTER, G., AND THRUSH, B. A.: Proc. Roy. Soc. (London) A227,
423 (1955).

(281) NorrisH, R, G. W., aNpD WALLACE, J.: Proc. Roy. Soe. (London) A145, 307 (1934).

(282) NovaDEL-AGENE CORPORATION: British patent 663,239; Chem, Abstracts 46, 5796
(1952).

(283) Novms, W. A,, aNDp LrigaTON, P. A.: The Photochemistry of Gases. Reinhold Pub-
lishing Corporation, New York (1941).

(284) Oga, R. A.:J. Chem. Phys. 15, 613 (1947).

(285) Oaa, R. A.:J. Chem. Phys. 21, 2079 (1953).

(286) Oqa, R. A., Ricuarpson, W. 8., anp WiLson, M, K.: J. Chem, Phys. 18, 573 (1950).

(287) Ogg, R. A., anp WiLsoN, M. K.: J. Chem. Phys. 18, 900 (1950).

(288) Oxatov, A. P., aNp CHAINsSKI, I. A.: See Gmelin (156).

(289) Or, L. »’, AND TARTE, P.: Bull soc. sei. Liége, Nos. 8-9-10, 478 (1951).

(290) Or, L. p’, aND TaRTE, P.:Bull. soc. sci. Liége, Nos. 8-T, 267, 276 (1953).

(291) OmrviLLE-THOMAS, W. J.: J. Chem. Phys. 22, 1267 (1954).

(292) OsTwaLp, W.: Trans. Chem. Soc. 61, 242 (1892).

(293) OswaLp, M.: Ann. chim. 1, 84 (1914).

(294) Park, J. R., aNp ParTINGTON, J. R.: J. Chem. Soc. 125, 72 (1924).

(295) ParkEr, W. G., anp Worruarp, H. G.: Fourth Symposium on Combustion, Flame
and Ezploston Phenomena. Williams & Wilkins Company, Baltimore (1953).

(296) ParringTON, J. R.: General and Inorganic Chemistry. The Macmillan Company,
London (1946).

(297) ParminagroN, J. R., AND PARKER, L. H.: The Nitrogen Industry. Constable and Com-
pany, London (1922).

(298) ParTIiNGTON, J. R., AND WHYNES, A. L.: J, Chem, Soc. 1949, 3135.

(299) ParTIiNGTON, J. R., AND WiLLIAMS, F. A.: J, Chem. Soc. 125, 663, 947 (1924).

(300) PascaL, P.: Compt. rend. 148, 414 (1909).

(301) Pascaw, P.: Ann. chim. phys. [8] 19, 20 (1910).

(302) Pascaw, P.: Bull. soc. chim. 33, 539 (1923).

(303) PascaL, P., AND GARNIER, M. : Bull. soc. chim. [4] 25, 309 (1919).

(804) PauLING, L.: The Nature of the Chemical Bond, p. 271, Cornell University Press,
Ithaca, New York (1945).

(305) Perkins, W. D., anp WriLson, M. K.: Phys. Rev. 85, 755 (1952).

(306) PerrINE, R. L., anD JorNsToN, H. 8.: J. Chem. Phys. 21, 2202 (1953).

(307) PerroT, R.: Compt. rend. 201, 275 (1935).

(308) Pmirrips, L.: Nature 165, 564 (1950).

(309) Pierce, W. C., anp Noyes, W. A.: J. Am. Chem. Soec. 50, 2179 (1928).

(310) PiNskER, J.: Ber. 43, 2006 (1910).

(311) Porvrarp, F. H.: Unpublished work.

(312) Porrarp, F. H., MarsuaLy, H. 8. B., anp WyatT, R. M. H.: Nature 165, 564 (1950).

(313) Poruarp, F. H., PEDLER, A. E., AND HarpY, C. J.: Nature 174, 979 (1954).

(314) Poruarp, F. H., anp Wyatt, R. M, H.: Trans. Faraday Soc. 45, 760 (1949).

(315) PoLnarp, F. H., aANp WyatT, R. M. H.: Trans. Faraday Soc. 45, 767 (1949).

(316) Porrarp, F. H., aAnD WyarT, R. M, H.: Trans. Faraday Soc. 46, 281 (1950).

(817) Pricg, C. C., anp SEaRs, C. A.:J. Am. Chem. Soec. 75, 3275 (1953).

(318) Price, C. C., axp Simpson, D. M.: Trans. Faraday Soc. 37, 106 (1941).

(319) PrIESTLEY, J.: See reference 257.

(320) PrrrcuarD, H. O.: Chem. Revs. 52, 555 (1953).

(321) Rasinowrtcr, E.: Trans, Faraday Soc. 33, 283 (1937).



1152 PETER GRAY AND A. D. YOFFE

(322) Ramsay, W.: J. Chem. Soc. 53, 621 (1888).

(323) Ramsay, W.: Z. physik. Chem. 3, 66 (1889).

(324) Ramsay, W.: J. Chem. Soc. 47, 592 (1890).

(325) Ramsay, W.: Z. physik. Chem. 5, 223 (1890).

(326) Ramsay, W., anp CunpaLy, J. T.: J. Chem. Soc. 57, 590 (1890).

(327) Ramsay, W,, axp Cu~paLy, J. T.: J. Chem. Soc. 59, 1076 (1891).

(328) Ramsay, W., AND SHIELDS, J.: J. Chem. Soc. 63, 1099 (1893).

(329) Ramsay, W., aND SHIELDS, J.: Z. physik. Chem. 12, 464 (1893).

(330) Ramsay, W., anp Youna, S.: Phil, Trans. (London) 177, 109 (1886).

(331) Ray, R. C.:J. Phys. Chem. 29, 80 (1925).

(332) ReaMER, H. H., AND SacE, B. H.: Ind. Eng. Chem. 44, 185 (1952).

(332a) ReEDp, D. L., anDp CraRE, K. G.: Ind. Eng. Chem. 29, 333 (1937).

(333) RermLEN, H., aNp HakE, A.: Ann, 452, 54 (1927).

(334) Ricuarps, W. T., anp REID, J. A.: J. Chem. Phys. 1, 114 (1933).

(335) RicuTER, G. N., REAMER, H. H., AND SaGE, B. H.: Ind. Eng. Chem, 45, 2117 (1953).

(336) RrEBSOMER, J. L.: Chem. Revs. 36, 157 (1945).

(337) RIEBSOMER, J. L., AND REINECKE, R.: Quoted by Riebsomer (336).

(338) RobroNov, V. M., axp OBLITzEVA, T. A.: Quoted by Riebsomer (336).

(339) Rogowski, F.: Ber. 75, 244 (1942).

(340) Rocowski, F.: Naturwissenschaften 28, 517 (1940).

(341) RorLersoN, G. K., aND Burton, M.: Photochemistry and the Mechanism of Chemical
Reactions. Prentice-Hall, Inec., New York (1939).

(342) Rout, A. E.: Trans. Faraday Soc. 42, 281 (1946).

(343) Rusiw, B., S1sLER, H. H., AND ScHECHTER, H.: J. Am. Chem. Soc. T4, 877 (1952).

(844) SABATIER, P., AND SENDERENS, J. B.: Ann, chim. phys. 7, 391 (1896).

(345) SaganiN, A., KowaLsky, A,, Korp, D., aAND SEMENOFF, N.: Z. physik. Chem. B6,

%4307 (1930).

(346) SamueL, D, H., aNp YorrE, A. D.: Bull. Research Council Israel 4, 88, 326 (1954),

(847) Samuew, D, H., axp Yorrg, A, D.: Unpublished results (1953).

(348) ScuecuTER, H., AND CoNRAD, F.: J. Am. Chem. Soc. 75, 5610 (1953).

(349) ScuecutEer, H., CoNnrap, F., DavLToN, A, L., AND KaPran, R. B.:J. Am. Chem. Soc.
74, 3052 (1952).

(350) ScuEFFER, F. E. C., anp TREUB, J. P.: Z. physik. Chem. 81, 308 (1912).

(351) ScHEUER, O.: Anz. Akad. Wiss. Wien 48, 306 (1911).

(352) ScmineLER, W. G., AND SagE, B. H.: Ind. Eng. Chem. 42, 2158 (1950).

(353) ScHLENK, W., AND MaIR, L.: Ber. 44, 1169 (1911).

(354) ScHLENK, W., MaIR, L., AND BorxuARDT, C.: Ber. 44, 1169 (1911).

(354a) ScmLuBacH, H. H., AN»D RoTH, W.: Ann. 594, 59 (1955).

(855) ScuLUND, J.: J. Phys. Chem. 8, 122 (1904).

(356) ScEMID, A., AND MaScHKA, A.: Z. physik. Chem. 49B, 171 (1941).

(357) Scmmip, H., AND MUHR, G.: Ber. 70, 421 (1937).

(358) Scmtimann, M.: Ber. 83, 527 (1900).

(359) Scmuntz, R.:Z. Physik 109, 517 (1938).

(360) ScmuLz, W. N., ScuteIroN, E. M., KuBewaRra, A, M., anp Korsin Kina, J. W.:
Zhur. Khim. Prom. 10, No. 3, 13 (1933). )

(361) ScrumacHER, H. J.: J. Am. Chem. Soc. 52, 2584 (1930).

(362) SEEL, I., KiskERI-Booz, A., AND NoGrap1, J.: Z. anorg. Chem. 264, 298 (1951).

(362a) SEEL, F., AND MEIER, H.: Z. anorg. Chem. 274, 197 (1953).

(363) SEEL, F., AND NOGRADI, J.: Z. anorg. Chem. 264, 311 (1951).

(364) SEEL, F., aND NoaraDI, J.: Z, anorg. Chem. 269, 188, 197 (1952).

(365) SerL, F., Nograbr, J., aND Brerr, H.: Z. anorg. Chem. 269, 102 (1952).

(366) SeELECK, F. T., REAMER, H. H., AND SacE, B. H.: Ind. Eng. Chem. 45, 814 (1953).

(367) SeLLE, H.: Z. physik. Chem. 104, 1 (1923).



-

THE REACTIVITY AND STRUCTURE OF NITROGEN DIOXIDE 1153

(368) SEMENOFF, N.: Chemical Kinetics and Chain Reactions. Oxford University Press,
London (1935).

(369) SerBINOFP, A. I., AND NEUMAN, M. B.: Compt. rend. acad. sci. U.R.S.8. 2, 297 (1934).

(370) Suerwoop, T. K. (to Godfrey L. Cabot, Inec.): U.S. patent 2,412,014; Chem. Ab-
stracts 41, 2070 (1947).

(871) Sipawick, N.: The Organic Chemistry of Nitrogen, 2nd edition, pp. 4, 8. Oxford Uni-
versity Press, London (1937).

(372) SmitH, J. H.: J. Am. Chem. Soc. 69, 1741 (1947).

(373) SmyTu, H. D., AND STUECKELBERG, E. C. G.: Phys. Rev. 36, 472 (1930).

(374) Sont, T.: Science Repts. Téhoku Imp. Univ. 11, No. 1, 148 (1922),

(375) SpeaLman, M. L., anp Rovesuse, W. H.: J. Am. Chem, Soc. 57, 1474 (1935).

(376) SreNCE, K., aAND TownEeNnD, D. T, A.: Colloq. intern. centre natl, recherche sei. (Paris),
p. 113 (1948).

(377) Seence, K., anp Townenp, D. T. A.: Third Symposium on Combustion, Flame and
Ezplosion Phenomena, p. 404. Williams & Wilkins, Baltimore (1949).

(378) SsarosuNirov, A. W., OraTov, A, P., AND Sussarov, M. B.:J. soc. phys. chim. russe
61, 1353 (1929).

(379) STEINER, W.: Z. physik. Chem. B15, 249 (1932).

(380) SteINEKOPF, W., AND KUHNEL, M.: Ber. 75, 1323 (1942),

(380a) Susz, B., AND BRINER, E.: Helv. Chim. Aecta 18, 378 (1935).

(381) SuTuERLAND, G. B. B. M.: Proc. Roy. Soc. (London) A141, 342 (1933).

(382) Swart, A. J.: Z. physik. Chem. 7, 127 (1891).

(383) SzEad, L., anp Guacct, L.: Gazz. chim. ital. 61, 339, 353 (1931).

(384) TarTE, P.: Bull. soc. chim. Belges 59, 365 (1950).

(385) TarTE, P.:J. Chem. Phys. 20, 1570 (1952).

(386) TarTE, P.: Bull. soc. chim. Belges 62, 401 (1953).

(387) TayLor, T. W. J.: Ind. Eng. Chem. 17, 633 (1924).

(388) Tayror, T. W, J.: J. Chem. Soc. 1928, 1099, 1897.

(389) Tayror, T. W. J., anD Pricg, L. 8.: J. Chem. Soc. 1929, 2052.

(390) TEETER, C. E.:J. Chem. Phys. 1, 251 (1933).

(391) TeNNANTS CoNSOLIDATED Ltp.: British patent 663,218; Chem. Abstracts 48, 5796
(1952).

(392) TeraNisHI, R., AND DEctUs, J. C.: J. Chem. Phys. 21, 1116 (1953).

(393) Tmomas, J. H.: Trans., Faraday Soc. 48, 1132 (1952).

(394) Taomas, J. H.: Trans. Faraday Soc. 49, 630 (1953).

(395) Tuompson, H. W., axp HinsaELWoOD, C. N.: Proc. Roy. Soc. (London) A124, 219
(1929).

(396) Tuorrgr, T. E.: J. Chem. Soc. 37, 225 (1880).

(397) Tuorrg, T. E., aAND RopgER, J. W.: Phil, Trans. (London) A185, 452, 572 (1895).

(398) TintER, M. R.: Acta Cryst. 7, 73 (1954).

(399) Trtant, T.: Bull. Soc. Chem. Japan 2, 95 (1927).

(400) TiTov, A. I.: Zhur. Obshchel Khim. 19, 1472 (1949); Chem. Abstracts 44, 1009 (1950).

(401) TrTov, A. I.: Zhur. Obshchef Khim. 18, 190 (1948); Chem. Abstracts 44, 1044 (1950).

(402) Townenp, D. T. A.: Chem. Revs. 21, 259 (1937).

(403) TravuTz, M., AND ScHLUETER, H.: Z. anorg. Chem. 136, 1 (1924).

(404) Trawick, W. G., axp EBEruarot, W. H.: J. Chem. Phys. 22, 1462 (1954).

(404a) Tvot, M.: Compt. rend. 204, 697 (1937).

(405) TurrpiN, E.: Ber. 15, 2946 (1883).

(406) Tust, M.: Compt. rend. 204, 697 (1937).

(407) UBBELOHDE, A. R.: Proc. Roy. Soc. (Llondon) A152, 378 (1935).

(407a) Ursanski, T., anp SnonN, M.: Compt. rend. 203, 620 (1936); 204, 870 (1937). See also

Ursanskl, T.: Teoria Nitrowania. Panstwowe Wydawnictwo Naukowe, Warsaw
(1955).



1154 PETER GRAY AND A. D. YOFFE

(408) Vanponi, R., axp Laupy, M.: J. chim, phys. 49, 99 (1952),

(409) VEGARD, L.: Z. Physik 68, 191 (1931).

(410) VEcarD, L.: Z. Physik 71, 299 (1931).

(411) VerHOEK, F., saND DaNtsLs, F.: J, Am. Chem. Soc. 63, 1250 (1931).

(412) Virck, J. H. Van: Theory of Electric and Magnetic Susceptibility, p. 275. Oxford Uni-
versity Press, London (1932).

(413) WawsH, A. D.:J. Chem. Soc. 1953, 2266,

(414) WawLsH, A. D.: J. Chem. Soc. 1953, 2301.

(415) WaLsH, A, D.: Fuel 33, 243 (1954).

(416) WaynE, L. G., axp Yost, D. M.: J. Chem. Phys. 18, 767 (1950).

(417) WaxxE, L. G., axp Yost, D. M.: J. Chem, Phys. 19, 41 (1951).

(418) W=LLs, A, P.: Structural Inorganic Chemistry, 2nd edition, p. 484, Oxford University
Press, London (1950).

(419) WHANGER, J. G., anD StsrER, H. H.: J. Am. Chem. Soc. 75, 5158 (1953).

(420) WHITTAKER, A, G., SPRAGUE, R. W., SKOLNIEKS, 8., AND SmiTH, G. B. L.: J. Am. Chem.
Soc. T4, 4794 (1952).

(421) WHITTAKER, C., AND LunpsTroM, F. O.: J. Am. Chem. Soc. 56, 1323 (1934).

(422) WiLpER-SMITH, A, E., Scarre, C. W., Batpock, H., anp I, C. 1., Litp.: British patent
586,022.

(423) WiLrLiams, D.:J. Am. Chem. Soc. 61, 2087 (1939).

(424) Wirriams, I. W., ScewingLE, C. H., aNxp WinnNinG, C. H.: J. Am. Chem. Soc. 56,
1427 (1934).

(425) WrLriams, I. W., ScuwiNaLg, C. H., aND WinNiNg, C. H.: J. Am. Chem. Soc. 58,
197 (1936).

(426) WriLson, G. L., anp MiLgs, F. D.: Trans. Faraday Soc. 36, 356 (1940),

(427) WiLson, M. K.: Private communication (1955).

(428) WiLson, M. K., aND BADGER, R. M.: Phys. Rev. 76, 472 (1949).

(429) WriLson, M. K., anp Perkins, W. 8.: Unpublished results.

(430) WitTorr, N. M.,: Z, anorg. Chem. 41, 85 (1905).

(431) WorrHARD, H. G., AND PARKER, W. G.: Fifth Symposium on Combustion. Reinhold
Publishing Corporation, New York (1955).

(432) WooLr, A. A.: J. Chem. Soc. 1954, 4114.

(433) WourtzeL, E.: Compt. rend. 169, 1397 (1919).

(434) WuwLr, O. R., DanieLs, F., AND KARRER, S.: J. Am. Chem. Soc. 44, 2398 (1922).

(435) Wyatt, P. A. H.: Trans. Faraday Soc. 50, 352 (1954).

(436) Yorrg, A. D.: Research (London) 6, 75 (1953).

(437) Yorrg, A. D.: Unpublished work (1952).

(438) Yorrg, A. D., axp GrAY, P.:J. Chem. Soc. 1951, 1412,

(439) Zann, C. T.: Physik. Z. 34, 461 (1933).

(440) ZintL, E., aND Komn, O.: Ber. 61, 189 (1928).

(441) Zusking, N.: Bull. soc. chim, 37, 187 (1925).



