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Inorganic chemistry has undergone a marked transition in the last
three decades as it has grown from an almost purely descriptive branch of
science to a field in which all of the modern developments of physics and
chemistry find application. In this field the quantum theory plays an
important role in the establishment of energy states and molecular
structures and in the explanation of the periodic law; thermodynamics
finds application in the prediction of the degree of completion of chemical
reactions at equilibrium; statistical mechanics makes possible the calcu-
lation of the thermodynamic properties of substances from atomic and
molecular data and decpens our insight into the still unsolved problems
of the rates of chemical rcactions; finally, the phenomena of natural and
artificial radioactivity not only increase our knowledge of the funda-
mental structure of matter but also, through the use of radio-elements
as tracers, greatly extend our understanding of the mechanisms of
chemical reactions. From these considerations it is evident that any
discussion of a chemical element or compound is complete only when the
spectroscopic, structural, thermodynamie, chemical kinetic, and nuclear
properties have been considered. In addition to these more modern
aspects of the subject, due consideration must be given to the older,
humbler, but nevertheless important, chemical facts that one finds in
simple experiments with test tubes, beakers, and flasks.

Since the field of inorganic chemistry embraces all of the chemieal
elements, a complete discussion of the whole subjeet would require
volumes to record. Therefore, the authors have chosen to cover a
selected list of chemical topics and to include in the discussion of each
enough of both the old and the new chemistry to bring out the most
important features of the substances examined.

The subject matter of this hook is devoted to the inorganic chemistry
of the nonmetallic clements of the fifth and sixth groups of the periodic
system. These elements and their compounds, besides being of great
practical and theoretical interest in themselves, exhibit, in their properties
and reactions, characteristics that arc common to many other substances
both inorganic and organic. The factual material chosen for presentation
has been selected as critically as possible, and the sources are the original
literature or the results of the authors’ own researches. The quanti-
tative information presented was taken, for the most part, without change
directly from original articles describing what appear to be the most
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reliable investigations available. Since it is not always possible to make
a selection of experimental data on a purely objective basis, in doubtful
cases some allowance must be made for the opinions of the authors.

But a survey of a field of science from a purely critical point of vie'
does not satisfy all of the needs of the research man or advanced stude
Also needed is material of a stimulating nature that will suggest fields the.
require further rescarch for their more complete understanding. Tn the
topics presented in this book, the reader will find many problems worthy
of the serious attention of research workers in both pure and applied
chemistry. Further, the advanced student should gain from the topies
discussed a feeling for the present state of knowledge, and an appreciation
of what has been accomplished in the past and what may be reasonably
expected of the future.

The subject matter considered here, together with such additional
topics as the halogens, coordination compounds, the metals, and artificial
radioactivity, form the basis of the scnior and graduate courses in inor-
ganic chemistry given at the California Institute of Technology. It is
required that the students of both classes shall have alrcady received
thorough training in undergraduate physics, organic chemistry, and
chemical thermodynamics. In some cases—for example, in the use of
statistical mechanical methods—the principles and theory, though
simple, have not yet been included in the physies and physical chemistry
courses, and, consequently, the necessary material must be presented
along with the topic best suited to the purpose. In gencral, the inclu-
sion in the course of such nccessary additional material adds spice to
the main subject. Both chemistry and physics are currently providing
so much that is new in fact and thcory that the pedagogical methods of
presenting the advanced parts of inorganic chemistry have not, for-
tunately, been crystallized into a discipline. Accordingly, the instructor
using this book either as the main text or for reference is restricted only in
that the topical method of approach is clearly indicated. That the
research point of view is emphasized should, it is believed, prove advan-
tageous from the teacher’s standpoint.

References in the text to the literature are frequent but are not to be
regarded as exhaustive or complete; an attempt has been made to give
either significant references or ones that will provide the reader with a
convenient key to further information. Recent books on more or less
specialized subjects, such as those listed in the Bibliography in appendix
A, are also referred to as sources of original material. It scarcely needs
saying that such books are indispensable as auxiliary texts for courses in
advanced inorganic chemistry.

Acknowledgment for assistance in the selection and collection of
material is gratefully made to the graduate and undergraduate students
of advanced inorganic chemistry at this Institute. Dr. W. V. Claussen
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kindly assisted at the early stages of the work on the book. Dr. David P.
Stevenson generously made many of the thermodynamic calculations for
*he chapters on phosphorus and sulfur. Invaluable aid came from many

scussions with other members of the chemistry division staff; this aid

> been especially helpful in the cases of Professors Richard M. Badger,
Roscoe G. Dickinson, Howard J. Lucas, Linus Pauling, Richard C. Tol-
man, and Dr. Verner Shomaker. Deep appreciation for the early help
and inspiration of Professors W. C. Bray and A. A. Noyes is gratefully
expressed. Mr. and Mrs. John B. Hatcher prepared all of the drawings
and figures, and special acknowledgment is due them for their assistance
and interest throughout the work. The curves in the text were carefully
drawn through accurate plots of the published experimental data; in only
two cases were graphs taken directly from the literature. Mrs. Mar-
guerite S. Yost, Dr. D. V. R. Golding, and Max Cayley Yost assisted in
many ways in the writing and preparation of the manusecript, in the
correction of the proofs, and in the construction of the indexes. We wish
also to thank the staff of Prentice-Hall, Inc., and the editor of their
chemistry serics, Professor W. M. Latimer, for their help and coopera-
tion throughout.

Don M. Yosr

HoraceE RusskLy, Jr.
PAsADENA,
March, 1944.
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CHAPTER 1
Nitrogen and lts Oxides and Sulfides

Elementary Nitrogen

Preparation

Nitrogen is present as such in the atmosphere to the extent of 78.099,
by volume in clean dry air (O, 20.95%; A, 0.93%; CO,, 0.03%; H,,
0.00005%; Ne, 0.0018%; He, 0.00052%; Kr, 0.0001%; and Xe, 0.000-
0089,). The average chemical composition of dry air is remarkably
uniform as regards both its geographical and vertical distribution.
Samples taken during balloon flights have failed to show any sign of
variations up to about 20 km. Above that level, a minute prevalence
of helium is indicated, marking an incipient change from convective
mixing to diffusion equilibrium. This gravitational separation according
to molecular weights was formerly used as the chief support of the hypoth-
esis that the uppermost stratosphere should be practically pure hydro-
gen. Modern spectroscopic observations of the light emitted by the
Aurora Borealis, extending up to 500 km and more, have refuted this
contention [Wildt, Rev. Mod. Phys., 14, 151 (1942)].

Air is not a satisfactory material for the preparation of very pure
nitrogen becausc the noble gases present, mainly argon, are not easily
removed. To prepare pure nitrogen, the following chemical methods
may be used. (1) A saturated solution of NaNO, is allowed to drop
slowly into a heated mixture of saturated solutions of ammonium chloride
and potassium dichromate; the main reaction is the decomposition of
ammonium nitritc (which see). The resulting gas must be further
purified by passing through dilute H,SO, (to remove any NHj;), FeSO,
solution (to remove any NO), heated copper, P,Os and finally a trap
cooled with liquid air. A further fractional evaporation is also desirable
[Kamerlingh Onnes and van Urk, Comm. Leiden, 16, No. 169d (1924)].
(2) Ammonia gas is passed into bromine water, and the resulting gases
are passed through suitable absorbents to remove ammonia, bromine,
water, and any other impurities. The main reaction involved in this
method of preparation is the oxidation of ammonia by bromine,
2NH;(aq) + 3Br; = N; + 6HBr(aq) [Giauque and Clayton, J. Am.
Chem. Soc., 66, 4875 (1933)]. (3) Sodium (or barium) azide, after
purification by recrystallization, is carefully dried at 100° to 150° and
then heated in a closed system to 300°. The nitrogen evolved according

1
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to the reaction 2NaNj(s) = 2Na(l) + 3N.(g) is spectroscopically pure.
This statement 1s true if the first gases formed are discarded, since they
may contain small quantities of hydrogen if the azide salt is not perfectly
dry. This method is ordinarily used for the preparation of comparatively
small amounts of nitrogen, the present cost of the azides being somewhat
too high to permit their use for the preparation of large quantities
of gas.

If great purity is not required, nitrogen, containing argon and small
quantities of oxygen, may be obtained by the fractional distillation of
liquid air. Any oxygen that remains after the fractionation may be
effectively removed by passing the impure nitrogen through a mixture
of aqueous ammonia and metallic copper turnings and then through
sulfuric acid; the complex ion Cu(NHjs)7 is readily oxidized to Cu(NH;) i+
by oxygen. White phosphorus is also used to remove small amounts
of oxygen from nitrogen. The nitrogen furnished in steel cylinders is
manufactured by the fractional distillation of liquid air.

Physical properties

The nitrogen molecule is diatomic, N,. It has been found to be
diamagnetic, the specific susceptibility being —0.430 X 10—¢ at 20°
|Havens, Phys. Rev., 43, 999 (1933)], and from this fact it may be con-
cluded thalt the nitrogen molecule in its ground state does not have a
resultant electronic angular momentum. Both the rotational and
vibrationa energy states have been accurately determined from a study
of the emission and Raman spectra of the gas. Lines due to the rotation
of the molecule have alternating intensities, this phenomenon being
shown in a particularly beautiful manner by the pure rotational Raman
spectrum [Rasetti, Phys. Rev., 34, 367 (1929)]; the lines arising from
transitions between states with even values of the rotational quantum
number J are twice as intense as those for which J is odd; that is, in the
gas there are twice as many molecules having J even as there are mole-
cules having J odd. The alternation of intensities shows that the
nitrogen nucleus possesses spin properties. For, according to the
quantum theory, the ratio of the intensities of the rotational lines for a
symmetrical diatomic molecule (at ordinary temperatures) will be
I + 1/I where I is the nuclear spin quantum number; accordingly, from
I + 1/I = 2 we conclude that I = 1. That part of the eigenfunction
for a diatomic molecule due to nuclear rotation about an axis perpendicu-
lar to the line joining the two nuclei is symmetrical for J even and
antisymmetrical for J odd, with respect to interchange of the nuclei.
Experiment shows that nitrogen gas at ordinary temperatures contains
twice as many molecules with J even as with J odd. Now, of the
(2I + 1)? possible nuclear spin eigenfunctions, it may be readily shown
that I(2I + 1) are antisymmetric and (21 + 1)2 — I(2I + 1) = (2] + 1)
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(I + 1) are symmetric.! Since for nitrogen I = 1, there will be six sym-
metric and three antisymmetric nuclear spin functions; that is to say, the
ratio of the number of symmetric to antisymmetric nitrogen molecules in
the gas will be 6:3 = 2. It follows from the experimental facts that for
J even the molecules are symmetric in the nuclear spin, and for J odd
antisymmetric; that is, the symmetric nuclear spin functions are to be
associated with the symmetric (J even) rotational functions. Now, the
interchange of two composite nitrogen nuclei is equivalent to the inter-
change of a number of constituent fundamental particles, protons,
neutrons, electrons, and so on. According to the principle that inter-
change of two fundamental particles must lead to a change in sign of the
complete eigenfunction (alternation principle) for the molecule, it follows
that the nitrogen nucleus must consist of an even number of fundamental
particles, since the combined rotational-nuclear spin functions are all
symmetric with respect to interchange of the two nuclei. Inasmuch as
the atomic number of nitrogen is 7 and the atomic mass number is 14,
the nucleus could consist of seven protons and seven neutrons, a total
of 14 fundamental particles, but it could not consist of 14 protons and 7
electrons or 14 neutrons and 7 positrons, since these combinations lead
to an odd number of fundamental particles in the nucleus. It is remark-
able that the results of molecular spectra experiments have led rather
directly to information about nuclear structure, and, indeed, the assump-
tion of the existence of neutrons was first made to account for the molec-
ular spectra of nitrogen. The neutron subsequently found in nuclear
disintegration experiments has a greater mass than that first postulated
to explain the nitrogen molecular spectrum.

The existence of two kinds of nitrogen molecules raises the question
whether the rotational heat capacity of the gas will, like that of hydrogen,
depend on the temperature in a manner suggesting that the symmetrical
and antisymmetrical N, molecules change only very slowly into each
other. The answer is that in the temperature range for which nitrogen
is a gas the rotational heat capacity, C,.., is a constant and equal to .
This is due to the fact that the moment of inertia, I, of the N, molecule
is relatively large, and consequently the energy levels e, = J(J + 1)h?/
82 are closely spaced.? Any variation with temperature would come

1For each nuclecus there are 2I 4 1 nuclear eigenfunctions «, 8, v . . . cor-
responding to the 2I + 1 orientations that a nucleus with spin I would assume in a
magnetic field. For a symmetrical diatomic molecule with the like nuclei A and B,
the nuclear eigenfunctions will be of the form a(4)a(B), 8(A)B(B), v(4)v(B), and
80 forth, 1/4/2 [a(4)8(B) + a(B)B(A)], and so forth, 1/4/2 [«(4)8(B) — «(B)B(4)),
and so forth. It is not difficult to determine the number of combinations that will be
symmetric and antisymmetric with respect to interchanging the symbols A and B.

2 When the energy levels are closely spaced, the distribution of molecules among
the rotational energy levels approximates the classical Maxwell-Boltzmann distribu-
tion for which C,.. = R at all temperatures. Even with closely spaced levels, a low
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at the low temperatures at which nitrogen is a solid of very low vapor
pressure, namely, in the range 0° to 20°K. The composition of the 2:1
mixture will not, therefore, undergo appreciable change with tempera-
ture except possibly at very low temperatures.

The even number of fundamental particles in the nitrogen nuclcus
and the odd number of extranuclear electrons requires that diatomic
nitrogen obey the Bose-EKinstein distribution law.

There are two isotopes of nitrogen, namely, N4 and N5, and in
ordinary nitrogen these are present in the ratio of 346:1 [Murphy and
Urey, Phys. Rev., 41,141 (1932)]. The heavier isotope has been obtained
at greater concentrations than found in nature by a process of fractiona-
tion. Organic compounds made from the concentrate are used in
biochemical studics, the “heavy nitrogen’ serving as a tracer.

The rotational energy states of Ny(g) are given by the cmpirical
formula:

eot. = [B+ alv +HW? + [D + B0 + H)IJ*

=0,1,2 - - -, the rotational quantum number.

1,2 - - -, the vibrational quantum number.
= 2003 em™, a= —0.023 ecm™!, D= —5773 X 107® cm™},
B = 8.61 X 10~% ¢m™L,

These values of B, a, D, and B give €. in em™'. The vibrational cnergy
states may be caleulated from the formula:

e, = 0.(0 + %) — wz.(v + §)?
v=2012 - -
we = 2359.61 cm™! wxe = 14.445 ¢cm!

[See Birge and Hopficld, Phys. Rev., 29, 212 (1927).]

The N-N internuclear distance of the molecule in the normal state
is 1.095 A [Rasetti, Phys. Rev., 34, 367 (1929)], and this corresponds to a
triple electron-pair bond between the two atoms, namely, :N:::N:.
The dissociation energy for the reaction N,(g) = 2N(g) is 170,275 cal
at 0°K, and AHg,, = 171,175 cal [Herzberg, Molecular Specira and
Molccular Structure, Prentice-IIall, New York; Bichowsky and Rossini,
Thermochemistry, Recinhold, New York]. The thermal decomposition
of N, into N has not been observed in laboratory experiments; the
dissociation energies given here were determined spectroscopically.

The general physical properties of nitrogen are presented in the
following table. [See Curtis, Fized Nitrogen, Chemical Catalog Co.,
New York; Baley and Donnan, J. Chem. Soc., 81, 907 (1902); Giauque
and Clayton, J. Am. Chem. Soc., 66, 4875 (1933).] There are two solid

temperature can be reached at which the number of molecules in the lowest rotational
level is a much larger fraction of the total number than is the case with a gas consist-
ing of classical rotators.
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modifications of nitrogen, the low-temperature or a (cubic) form, and
the higher-temperature, above 35.61°K, or 8 (hexagonal) form; nitrogen
is colorless in all of its modifications.

TaBLE 1
THE PHYSICAL CONSTANTS OF NITROGEN
0°C = 273.1°K

Melting point = 63.14°K AIl (fusion) = 172.3 cal/mole at m.p.
Boiling point = 77.32°K AH (cvap.) = 1332.9 cal/mole at b.p.
Transition temp. (a to ) = 35.61°K AH (trans.) = 54.71 cal/mole
Vapor pressure of solid (8) logio pem = —381.6/T — 0.0062372T + 7.41105
Vapor pressure of liquid * log1o pon = —339.8/T — 0.00562867 + 6.71057
Surface tension of liquid Y7 = 11.68(1 — 0.00863T) dynes/cm
Density solid (g/cm3) D = 1.0265 at 20.6°K, 0.8792 at 63°K
Density liquid (g/cm3) D = 1.1604 — 0.00455T
Weight of one liter N(g) at 0° and 760 mm = 1.25046 g
Critical temperature = 126.0°K Critical pressure = 33.5 atm

Heat Capacity, Cp (cal/deg/mole) for Solids and Liquid

a B Liquid
TCK)....... .| 15.82 | 35 05| 39 13 | 55.88 | 61.41 | 65 02 | 70.28 | 77 74
Cp ovvvnnn. 3.124 (10 84 | 8 948 | 10 44 [ 11.07 | 13 33 | 13.45 | 13.64

Entropy, Sz (cal/deg/mole), of N; Gas (Ideal) at 1 atm

T( ° I() S:Exp.) N ‘(’Spectroncopic)
77 32 36 5 36 416
298.1 45 9 45 788

Heat Capacity, Cp, in cal/deg/mole of N, Gas (Real) at Various Temperatures and
Pressures
(Cp = 6.953 cal/deg/mole for ideal gas at room temperature.)
Cp = 6.76 + 0.606 X 10737 4 0.13 X 10-% 7'2 for 300-2500° and 1 atm

Press. (atm)............ 1 50 100 500 1000
T(°C):
30.......... 6 91 7.41 7 92 9.12 (9.25)
100. ... ... 6.94 7.21 7.48 8.39 (8 6)
600................. 7.13 7.19 7.36 7.46

Viscosity 5 of N, gas in cm~! g sec™! at about 1 atm
_KI% O+
W—C+T' = 7o To-%-
T, = 273.16°K K =137.7 X 1077 C =102.7
me = 1738.2 £ 0.7 X 10-7 [Rigden, Phil. Mag., 26, 961 (1938).]

* Keesom and Bijl [Physica, 4, 305 (1937); Proc. Acad. Sci. Amsterdam, 40, 235 (1937)]
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Nitrogen does not obey the perfect gas law even at ordinary pres-
sures and temperatures, although the deviations are not great. Thus,
if we select volume units such that PV = 1.0000 for P = 1 atm, then
PV = 1.00011 at § atm and 1.00028 at § atm, at ordinary temperatures
[Baxter and Starkweather, Proc. Nat. Acad., 12, 703 (1926)]. For ordi-

TABLE 2
PV VALUES FOR NITROGENe®
(PV = 1.0000 at 1 atm and 0°C)

Pressure (atm) | —100° 0.0° 50° 100° 200° 300° 400°

. ... 0.6319 | 1.0000 | 1.1835 | 1.3669 | 1.7335 | 2.1000 | 2.4663
10 ... .6109 .9962 | 1.1836 | 1.3695 | 1.7398 | 2 1083 | 2.4758
50 . ....... .5180 L0848 | 1 1884 | 1.3849 | 1.7694 | 2.1462 | 2 5189
100.... ...... .4471 .9848 | 1.2046 | 1.4121 | 1.8111 | 2.1973 | 2.5751
500 .......... 1.3885 | 1.6171 | 1.8388 | 2.2708 | 2.6774 | 3 0714
1000........... 2.0641 | 2.2825 | 2 4948 | 2.9212 | 3.3203 | 3.7224

% In the Beattie-Bridgman equation of state [Proc. Natl. Acad., 16, 14 (1930); Deming
and Shupe, J. Am. Chem. Soc., 52, 1382 (1930)], P = RT(1 — ¢)(v — B) /v? — A /3,
A = Au(l —a/v), B = Bo(l —b/v), e = C/vT? the constants have, for nitrogen, the
values Ao = 1.254 X 10%, a = 18.68, By = 46.04, b = —25.88, C = 61.65 X 10%. The
units are pressure in atm, volume in cc/mole, RT = 22414 cc/atm/mole at 0°C. For
isotherms from 127°K to 373°K, see Kamerlingh Onnes and van Urk [Comm. Leiden, 16,
Nos. 169d and 169e (1924-1926)].

nary pressures (3 to 1 atm) and low temperatures (77-90°K), I’V =
nkT(1 — BP) with B = 0.0022 + 19600/7? atm~!. Accordingly, at
about 100°K and 1 atm B = 0.02; that is to say, nitrogen shows a
deviation of about 29 from the behavior of a perfect gas. At room
temperatures the deviation may also be seen: (1) from the variation of
the coefficient of expansion a with pressure in V = V(1 4+ at), where
a X 107 = 36604 + 127P for ¢ = 0° to 100° and P is in meters of Hg;

have made a careful redetermination of the vapor pressures of solid (8) and liquid nitrogen.
The results may be calculated from an empirical equation whose form is convenient for
the evaluation of temperatures from vapor pressure measurements.

1
iquid, m———— = — -3 i —2
Liquid, T T AT 3.20398 X 1073 logio Pem + 1 §9532 X 10
TCEK)viiiie i 64.37 66.98 70.09 74.12 77.50
AT...covivii cii cen 0.025 .0563 .073 .065 —.008
. 1 _
Solid, T':i-—AT" = 2.7748 X 1072 logio pem + 1.85350 X 1072
Tovvivniiinin v i . 53.26 55.82 58.10 60.78 63.10
AT 0.010 .014 —.007 .009 -— 003

m.p. = 63.15°K b.p. = 77.357°K 0°C = 273.144°K

The difference between these boiling and melting points and those given in Table 1 are
believed to be due to differences in temperature scale.



Ch. 1] NITROGEN AND ITS OXIDES AND SULFIDES 1

and (2) from the ratio PV(0° 0 atm)/PV(0° 1 atm) = 1.00047. It
must be emphasized here that the values of a and of the (PV)o/(PV),
ratio are subject to change, since highly accurate values require very
pure nitrogen and careful experimentation, and both of these factors
are subject to improvements or changes by successive investigators.
For example, a recent determination of « [Kinoshita and Oishi, Phl.
Mayg., 24, 52 (1937)] for the limit P = 0 resulted in the value 36607 X 107,

|
|

~0

Heat Capacity, Cp, cal/degree/mole

Air,

0 500 1000 2000 4000
Temperature,’K

Fig. 1. The Molal Heat Capacity of Air, Nitrogen, and Oxygen in the Ideal Gaseous
State.

which is slightly higher than that given by the formula above. The
reciprocal of 36607 X 107 is 273.16, and this is in good accord with
0°C = 273.16°K, the accepted value.

The gas imperfections shown by nitrogen become greater at higher
pressures, and it is in the high-pressure range that important industrial
applications are made. For example, in the synthetic ammonia process,
pressures as high as 1000 atm are employed. In Table 2 are presented
representative PV, T data for gaseous nitrogen.

It is evident on examining the columns of Table 2 that nitrogen
deviates appreciably from the behavior of a perfect gas at low tempera-
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tures, but that above 0° the deviations are not great at pressures less
than 100 atm. If the gas were perfect, the values of PV in any one
column of the table would be constant.

Nitrogen was at one time used in gas thermometers for the determina-
tion of absolute temperatures on the thermodynamic Kelvin scale. For
this purpose it is necessary to know accurately the deviations from the
law of ideal gases, namely, PV = nRT. Nitrogen islargely replaced now
by helium, since the properties of the latter are much closer to those of a
perfect gas than arc those of any other known substance; moreover,
helium does not condense at atmospheric pressure until a temperature of
4.216°K is reached. The limiting value for low pressures of the tempera-
ture coefficient of pressure, B, for nitrogen [P = Po(1 4 Bt)], is given
variously as 0.0036618, 0.0036606, and 0.0036613, the value depending
on the investigator; the corresponding ice-point temperatures (1/8 = T)
are 273.09°, 273.20°, and 273.13°K, respectively. The limiting value of
the cocfficient of expansion « is given as 0.0036604 and 0.0036607, and
To = 1/a = 273.21 and 273.16°K. The accepted value of T, obtained
with helium is 273.16°.

Nitrogen is only slightly soluble in water, and the solutions contain
no detectable ions containing nitrogen; electrolysis of salt solutions satu-
rated with the gas under pressure does not yield nitrogen compounds.
The volumes v, of nitrogen, reduced to 0°C and 1 atm, absorbed by one
volume of water when the partial pressure of N, is one atmosphere, for
several temperatures are as follows:

tC°C)eeiiiii 0 20 30 50 100

Voee e 0.02312 | .01518 | .01319 | .01071 | .00947

Henry’s law is obeyed fairly well by the solutions. The solubilities in
NaCl solutions are less than in pure water, but alcohol is capable of
dissolving approximately eight times as much at 20° as does water at
the same temperature.

Chemical properties

Although nitrogen is unreactive toward most reagents at ordinary
temperatures, it is rapidly adsorbed by charcoal in quantities that increase
with decreasing temperature of the adsorbent. At liquid-air tempera-
tures, appreciable amounts are adsorbed before the equilibrium pressure
rises above 10~ mm Hg, and it is for this reason that charcoal traps
cooled with liquid air are sometimes used in high-vacuum work. A
common and effective method of freeing helium from nitrogen and other
gases takes advantage of the fact that helium is not adsorbed by charcoal
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at low temperatures ncarly so extensively as is nitrogen, the ratio of the
amounts for a given sample of charcoal and for about 1 atm pressure
being approximately 1:50 at —190° and 1:250 at —48°. Coconut
charcoal is a good adsorber for nitrogen, but blood or animal charcoal
is superior to it, as the following results of Hempel and Vater [Z. Elec-
trochem., 18, 724 (1921)] for atmospheric pressure show. In practice
coconut charcoal has advantages resulting from its resistance to crush-
ing and powdering. The effcet of pressure on the amounts of nitrogen
adsorbed by coconut charcoal is also presented in the table [Titoff,
Z. phys. Chem., T4, 641 (1910)]. Charcoals vary considerably, and the
results cited are for particular samples.

TaBLE 3
ADSORPTION OF NITROGEN BY CHARCOAL
(The volumes vy in cc adsorbed have been reduced to 0° and 1 atm.)

Temp. (CC) .. 20 —-78 —185
vy per cc of coconut charcoale... ................. 15.7 79.2 219.4
vy per cc of blood charcoal......... RN .. 21.0 107 4 632.2

% Heated at 600°, the optimum activation temperature, before measurements were made.
For both charcoals the pressure of N2 was about 1 atm.

vo in cc for 36.662 g Coconut Charcoal, Activated at 660° and Evacuated to 10~° mm
Before Measurements Were Made, for Various Equilibrium Pressures

151.5° 0° —79°

Pem Vo Pem Vo Pom Vo
1.89 1.324 0.43 3.967 0.15 5.169
8.34 5.050 3.93 35.203 1.25 123.690
31.61 18.018 22.94 181.221 14.95 714.126
77.07 41.783 77.46 465 484 38.84 1192.080
74.06 1551.625

Heat of adsorption, 0° g¢,= 0.210 cal/cc (NTP) of adsorbed N, ¢ is prac-
tically independent of the pressure.

To give some notion of the relative behavior of another gas toward the
same sample of coconut charcoal, 35.662 g, the values of v, for hydrogen
for two temperatures and atmospheric pressure may be cited. At 0°
and 74.42 cm, v, = 55.477 cc, and at —79° and 72.16 cm, v, = 193.068 cc.
It is evident that about eight times as much nitrogen as hydrogen is
adsorbed by the sample of charcoal at the temperatures considered.
This factor increases somewhat with decreasing pressure. v, may be
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represented fairly satisfactorily by the formula v = CP¥", where C is a
constant depending on the amount and character of the charcoal, and
n is another constant, for a given temperature, with a value near unity
(1/n = 0.976) for the 151.5° results shown in the table.

The reactions of nitrogen with oxygen at high temperatures and with
hydrogen at high pressures in the presence of a catalyst are discussed in
detail in a later section.

Nitrogen reacts at more or less elevated temperatures with a number
of metals and some compounds. Characteristic is the ability of the
heated alkaline earth metals to absorb nitrogen rapidly and readily.
On the other hand, the alkali metals, with the exception of lithium, do not
react with nitrogen even on strong heating, although stable alkali nitrides
prepared by indirect methods are known. The following table presents
the compounds formed and the conditions for reaction for a number of
metals.

TABLE 4
REACTIONS OF NITROGEN WITH METALS
Temp. (°C)
Metal C(I;mpou(rild Minimum Remarks AF:,“b
orme for Reaction
Lis... ........ Li;N Slow at room | O; inhibits reaction. -37,330
temp., rapid at
250°.
Ca..... . CasN; 500° Rapid with glowing. —70,550
Sr..... ... ... SraN; 300° to 400° | Rapid. —76,790
Ba....... . .| BasN. 560° -72,790
Mg.. . co. Mg:N, 560° MgO is a catalyst. —100,780
Reversible, Pn, =1
atm at 1100°.
La...... . LaN 450° —64,650
Be...... . Be;Ny 900° Reversible at 2200°. —121,400
B...... R BN > 1200° -—27,690
Al...... . AIN 800° -50,050
Ti...... .o TiN > 800° —74,040
Si..... L SisN, 1300° —154,740
Cr. ... . CrN 580° to 800° —22,520

o See Trautz and Kipphan, Z. anal. Chem., 78, 353 (1929). The reaction is auto-
talytic.
@ ?’i,{t:l:ley, ‘““The Thermodynamic Properties of Metal Carbides and Nitrides,”” Bureau of
Mines Bulletin 407 (1937).

Attempts to cause carbon and nitrogen to combine to form cyanogen,
C;N,, have always met with failure. Indeed, thermodynamic studies
indicate that cyanogen is not to be expected, either at high or low tem-
peratures, to result by the direct combination of carbon and ni}crogen.
Thus, for 2C(s) + Na(g) = C:N3(g), AHzs = 70,560 cal, AS;s = 9.3
cal/deg, AFq, = 67,780 cal; and since AS°® and AC» will not suffer great
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changes on going to higher temperatures, one may expect AFy to be
positive even at the temperatures of the electric arc.

A mixture of hydrogen, carbon, and nitrogen reacts slowly at 1900°
to 2100°K to give HCN [von Wartenberg, Z. anorg. Chem., 62, 299
(1907)]; an approximate free energy equation for C(s) + $H.(g) +
#N,(g) = HCN(g) is AFp = 31,000 — 10T. The accepted value of
AFq., is 27,730 cal [Latimer, Ozidation Potentials, Prentice-Hall, New
York]. At 800°K the reaction NH,;(g) + C(s) = HCN(g) + H.(g)
comes to a measurable equilibrium state with K,.. = Pg,Pacn/Pyn, =
5.8 X 10—¢ [Badger, J. Am. Chem. Soc., 46, 2166 (1924)]. Calcium
carbide reacts with nitrogen at about 1000° to form cyanamide CaCNy;
calcium fluoride and chloride act as catalysts for the reaction. A mixture
of sodium carbonate, carbon, and nitrogen will react at around 1000°
to give sodium cyanide. (See the section on Fixation of Nitrogen, p. 70.)

The nitrides of the metals hydrolyze more or less readily to form
ammonia and the metal hydroxide or oxide. Alkali and alkaline earth
nitrides undergo hydrolysis on exposure to moist air or on the addition of
cold or warm water, but boron nitride requires hot water or steam to
bring about its hydrolysis. Silicon and titanium nitrides are very
resistant to the action of water, acids, and alkalis, and treatment of them
with these reagents even in a heated sealed bomb causes only a small
amount of hydrolysis.

Active nitrogen

If nitrogen at moderately low pressures (about 2 mm) is subjected to
the action of a silent electric discharge, a yellow glow is observed, and this
glow will persist for a time after the electric current is disconnected.
The time of persistence of the glow depends principally on the size of the
containing vessel. Thus, in a 24-liter flask the yellow glow may be
visible for as long as 110 minutes, while with small vessels this time is
much shorter [see, for example, Bay and Steiner, Z. phys. Chem., 9B,
127 (1930); Kaplan, Phys. Rev., 37, 1409 (1931); E. P. Lewis, Astrophys.
J., 17, 258 (1903); Rayleigh, Proc. Roy. Soc., 161A, 567 (1935); Willey,
J. Chem. Soc., 142 (1932); Proc. Roy. Soc., 162, 158 (1935)]. The glow-
ing or active nitrogen is more reactive with some substances than is
ordinary nitrogen. For example, active nitrogen converts white phos-
phorus into red phosphorus and some phosphorus nitride, combines with
sodium at 150°, forms HCN with acetylene, and decomposes NO into
nitrogen and oxygen. Small amounts of impurities, Hg(g) and O,,
appear to be necessary in order to obtain active nitrogen having an
appreciable length of life. The activity is due to the presence of both
metastable activated nitrogen molecules and atoms. The activation
energy of the molecules is said to be 6.14 electron volts and that of the
atoms 2.37 to 3.56 electron volts.
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The Oxides of Nitrogen

Formation

The known oxides of nitrogen are presented in the following list:

Formula Name S’;ate at Room Color
emperature

N.0 Nitrous oxide Gas Colorless
NO Nitric oxide Gas Colorless
N:0; | Nitrogen sesquioxide Gas Red-brown
NO, Nitrogen dioxide Gas Red-brown
N.O, | Nitrogen tetroxide Gas-Liq. Colorless
N.O5; | Nitrogen pentoxide Solid Colorless
NO, Nitrogen trioxide — —

Nitrous oxide is a gaseous compound and is formed in small quantities
in the reduction of nitrites and nitrates by a variety of reducing agents
(for example, H.S, H,S0; SnCl;, Na amalgam, metals). It is pro-
duced quantitatively in the slow, spontaneous decomposition of alkaline
hyponitrites [Abel, Orlich, and Proisl, Monatshefte, 72, 1 (1938)],

Nzo; + 2H+ = Ngo + H20

and results also from the decomposition of nitrogen compounds whose
empirical formula is N;0O-(H,0),.. Of these substances, solid ammonium
nitrate is by far the most convenient and cheapest for the preparation of
N;0. The dry salt NH,NO; (m.p. 169.6°) is heated to about 170-260°
for a conveniently rapid decomposition; a mixture of sodium or potas-
sium nitrate and ammonium sulfate will, when heated to 170-260°, yield
N0, and provides a very cheap source of the gas. Attention should be
called to the fact that very rapid heating of ammonium nitrate may
cause it to explode, although as ordinarily carried out the decomposition
of the molten salt takes place smoothly at a rate that appears to depend
only on the temperature. The decomposition by heat of NH,NO; yields
only a small amount of nitric oxide, NO, and this may be removed by
passing the raw gas through a solution of FceSO, (the complex FeNO++
is formed). Nitrous oxide is moderately inert toward oxidizing and
reducing agents; it will support combustion, but does not initiate it
except at higher temperatures. It decomposes spontancously and with a
measurable rate into N; and O; when heated to 565-850°. With water
at low temperatures, it forms the hydrate N,0-6H,0, from which the
pure oxide may be obtained by warming. It is used as an anesthetic in
dentistry and obstetrics. Because of the solubility of N;O in ordinary
cream, it has found its chief commercial use in the preparation of whipped
cream.
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Nitric oxide, NO, is a substance of paramount importance to modern
civilization, since it is formed at one stage in the principal methods used
for the manufacture of nitric acid, a substance which has almost endless
applications. Inasmuch as NO, although relatively inert, has a strong
thermodynamic tendency to decompose into its elements at room tem-
peratures, it is necessary to bring about its formation from N, and O,
at very high temperatures or by the catalytic oxidation of ammonia.
The nature of the former reaction may be judged by the following free-
energy equation [see, for example, Giauque and Kemp, J. Chem. Phys.,
6, 40 (1938)]

30: + 4N; = NO  AFy; = 20,650 cal
AFy = 21,600 — 2.507 (from equilibrium data)

At equilibrium and at 2400°C, air contains only 2.23%, by volume of
NO, at 3200°C about 4.4%. In the process of manufacture, air is
passed through an clectric arc the temperature of which is estimated to
be some 3500°; by rapidly cooling the heated equilibrium mixture (the
rate of decomposition of NO is slow even at 1500°), a mixture of air con-
taining 2%, or 39, nitric oxide is obtained.

A large quantity of nitric oxide is now manufactured by the oxida-
tion of ammonia on platinum gauze or other catalysts. The mixture of
air (7.5 volumes) and ammonia (1 volume) is passed very rapidly through
metal tubes containing fine platinum gauze; if the gas mixture is pre-
heated to some 500°, the oxidation at the gauze proceeds automatically.
The heat of reaction contributes to the maintenance of the rather high
temperature of the gauze. The presence of water vapor is advantageous
in the oxidation.

4NH; + 50; = 4NO + 6H.0,  AFgy = —229,416 cal

The large negative value of AFj shows the great thermodynamic
tendency for this reaction to take place even at 25°C. There is a still
greater thermodynamic tendency for the oxidation to proceed to the
formation of nitrogen instead of nitric oxide.

4NH; + 30, = 2N; + 6H,0,  AFp = —312,056 cal

and, in the absence of the platinum gauze catalyst, nitrogen is one of the
principal products of the reaction when NH; burns in an atmosphere of
O;. At room temperatures neither reaction takes place, in spite of the
great tendency indicated by the AF values, that is, the reactions are
very slow; but at 500° and on the platinum surface, the rate of formation
of NO predominates over that to form nitrogen. We have here again a
case in which the factors governing the yield of the desired product are
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those involving rates alone. In the arc process, the yield of NO is
governed mainly by the small thermodynamic tendency for the reaction
to take place.

Although large quantities of NO are formed in the arc and ammonia
oxidation processes, little if any is compressed into steel cylinders and
thus marketed. The main reason for this is that NO reacts, at room
temperature, moderately rapidly with oxygen to form nitrogen dioxide,
and it is to this form that most of the NO formed is unavoidably con-
verted; another reason is that the demand for pure NO as such is not
great. For experimental purposes, there are a number of reactions which
yield NO as a purifiable product. By far the most convenient and best
of these reactions, from the point of view of purity of products, is that
between nitrous acid and potassium iodide. Fifty per cent sulfuric acid
is added slowly to a solution that is 4 m in KNO; and 1 m in KI. The
reaction is:

2HNO; + 2I- + 2H* = 2NO + I, + 2H,0

The evolved gas is passed successively through 909, H,S0,, 509, KOH,
a trap cooled to —75°, and P,0s, and finally it is bubbled through liquid
nitric oxide. The sulfuric acid scrves to remove excess water from the
gas; the KOH absorbs most of the NO, if any is present. Non-con-
densable gases are pumped off while the nitric oxide is kept frozen at
liquid-air temperatures. Any N;O is not absorbed by the alkali but
dissolves in the liquid NO, in which it is very soluble. This process, if
carried out carefully, yields a product containing only some 0.0008
mole per cent or less of impurities [Johnston and Giauque, J. Am. Chem.
Soc., b1, 3194 (1929)]. The pure nitric oxide when liquefied has a blue
color; the solid when in a clear ice-like form is also blue.

Characteristic of NO is its ability to form complexes with many
metals and salts. Thus, it will replace NH; in [Co(NHj3)e]X: to form
[CoNO(NH3)s)X, if the gas is bubbled through an ammoniacal solution
of the hexammine cobaltous salt; if X, represents halides, the product
is black in color; if X, is sulfate, the product is red [Werner and Karrer,
Hely. Chim. Acta, 1, 54 (1918)]. Solutions of FeSO, absorb NO reverstbly
to form Fe(NO)SO,, and the intense black or deep-red color that results
serves as a basis for the detection of nitrites and nitrates. The solid
red salt FeNOSO;, is unstable, and, on heating its solutions, nitric oxide is
evolved. The salts FeNOSeO+4H,0 (black) and FeNOHPO, are more
stable than the sulfate [Manchot and Linckh, Z. anorg. Chem., 140, 37
(1924)]. Concentrated solutions of CuCl; or CuBr; absorb NO to give
deep-blue to violet solutions of CuNOCI;. It will be noted that usually
only one and occasionally two NO are absorbed per metal atom. In
H,S0, solution, Fe;(8O,); will form deep-red Fe;(NO)4(S04)s.
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The carbonyls react with nitric oxide to form nitroso compounds;
thus, with Ni(CO), blue to green and even colorless solids are formed
whose compositions have not been definitely established and which
decompose on heating to 90° with the emission of light [Mond and
Wallis, J. Chem. Soc., 121, 32 (1922)]. With cobalt tetracarbonyl, nitric
oxide forms the light yellow, volatile cobalt nitrosyl carbonyl Co(CO)3;NO;
this compound reacts quantitatively with bromine to form CoBr,, CO,
and NO [Hieber and Anderson, Z. anorg. Chem., 211, 132 (1933) ; Coleman
and Blanchard, J. Am. Chem. Soc., 68, 2160 (1936)]. When the volatile
iron pentacarbonyl Fe(CO); is heated to 45° with NO under pressure,
the black, unstable tetranitrosyl compound I'e(NO), is formed. When
NO is passed through a suspension of FeS in K,S; solution, the dark-
colored compound K[Fe{FeS(NO),};NO] is formed. A solution con-
taining FeSO, and K,S;0; will absorb NO to form the red-brown
K[Fe(S:03)(NO),]. These compounds and XK,[(INO).I"eS;Fe(NO),}
(obtained by treating the first with alkali) are known as Roussin’s salts
|Hoffman and Wiede, Z. anorg. Chem., 8-11 (1895-1896)]. The common,
brownish-red nitroprussiate of soda, Na,Fe(NO)(CN)s, is not obtained
by the direct absorption of NO but by warming K,;Fe(CN); with dilute
nitric acid and then neutralizing with Na,COj solution; with soluble sul-
fides the nitroprussiate reacts to form violet-colored solutions of
[Fe(CN)::NSO]++,

More recently the conditions under which nitric oxide can be added
more readily to a metal have received further attention. When finely
divided, freshly reduced cobalt is treated with a mixture of CO and NO,
nitrosyl carbonyl, Co(CO);NO (m.p. — 11°, v.p. 56 mm at 16°), is
formed. The same compound is formed when an alkaline suspension of
Co(CN), is treated first with CO and then with NO. Still another
reaction leads to this interesting compound; if an alkaline solution con-
taining CoCl; and cysteine, HSCH,CHNH,COOM, is treated with
carbon monoxide, the latter is absorbed and on acidification [Co(CO)4].
rises to the surface. When nitric oxide is bubbled through this mixture,
the nitrosyl carbonyl results in the form of reddish-brown vapors which
may be condensed to light yellow crystals [Coleman and Blanchard,
J. Am. Chem. Soc., 68, 2160 (1936); Hieber and Anderson, Z. anorg.
Chem., 211, 132 (1933); see also the splendid reviews by Blanchard,
Chem. Rev., 21, 3 (1937), 26, 409 (1940)]. When NO is passed through a
solution of [Fe(CO)4s (a solid) in Fe(CO)s (b.p. 150°) at 95° the com-
pound Fe(CO),(NO), may be separated by distillation from the resulting
mixture. It is, at room temperature, a red crystalline solid melting
at 18.5°. With iodine in benzene solution, Fe(INO).I; is formed from the
dinitrosyl iron carbonyl [Anderson, Z. anorg. Chem., 208, 238 (1932)].
The solid salts FeCls, AlCl;, and BiCl; absorb nitric oxide reversibly to
form FeNOCIl; (red), AINOCI;, and BiNOCI; (yellow). Bivalent salts
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of the metals will, in general, absorb nitric oxide only when in solution
(except for the ferrous phosphate and selenate mentioned above),
whereas the solid trivalent salts will absorb this gas.

These addition compounds are sufficient to exhibit the ability of nitrie
oxide to occupy coordination positions in a manner closely similar to that
shown by carbon monoxide.

Nitric oxide does not support combustion unless the temperature is
rather high. This fact is sometimes adduced as evidence for believing
that the NO must dissociate before the oxygen becomes active, but the
argument is not convincing. If the gas is passed into an acid perman-
ganate solution, it is oxidized to nitric acid; this reaction is the basis for a
volumetric method for the determination of NO. Nitrie oxide combines
slowly with Br; and Cl,, but not with I;, to form the nitrosyl halides
(which see), NOBr and NOCI.

Nitrogen sesquioxide, N2Os3, is very unstable at room temperature
and above; it decomposes rapidly and extensively at these temperatures
and consists, in large part, of a mixture of NO and NO, with a small
equilibrium concentration of N;O;. When an equimolal mixture of NO
and NO, is condensed at —20°, a blue liquid results (b.p. 3.5°) which will
solidify at —103°. N,O; may be looked upon as the anhydride of
nitrous acid, HNO;,;. When solutions of alkali nitrites are acidified,
decomposition results, gases (NO + NO;) are evolved, and the solution
has a definite blue color. When an equimolal mixture of NO and NO,
is dissolved in alkaline solutions, for example KOH or NaOH, pure
or almost pure nitrites result. This reaction is usually written

N.0s + 20H- = 2NO;7 + H.0

although it must be understood that only a small amount of the gas
mixture consists of N;O;. When it is dissolved in water, the reaction is
not so simple as that just written; both nitrous and nitric acids are formed
in the solution. With concentrated sulfuric acid the white solid nitrosyl
bisulfate, NOHSO, (nitrosyl sulfonic acid), is formed, and this reaction
plays an important role in the manufacture of sulfuric acid by the lead
chamber process.

Nitric oxide reacts moderately rapidly with oxygen to form the
brownish-red gas NO,, nitrogen dioxide. The reaction is reversible;
at room temperature the equilibrium

NO + 40, = NO,
lies almost completely to the right; at about 750° the equilibrium constant

PyoPé,
P NO:

is approximately unity. The dioxide is readily and conveniently pre-

Kym =
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pared for laboratory purposes by heating dry lead nitrate, Pb(NOs),.
The heating may take place in glass, but, since the lead oxide formed
combines to some extent with glass, it is desirable to place the lead salt
on a platinum foil in the glass flask to avoid spoiling it. Nitrogen
dioxide polymerizes very rapidly and reversibly to form colorless N,O,.

2N02 = N204

Accordingly, NO; and N,0, must be discussed together, since at ordinary
temperatures both are present in the gas.

The equilibrium mixture of NO; and N0, can be readily condensed
to a clear, faintly yellow-colored liquid which boils at 21.15° and which
will freeze to a solid with a melting point of —11.2°.

Nitrogen dioxide (NO; + N:0O4) is quite reactive as an oxidizing
agent. Its main use in this connection is in the lead chamber process
for the manufacture of sulfuric acid, where one may regard the catalytic
couple as:

SO, + NO, = 80; + NO
NO + %Oz = Noz

although the mechanism is much more complicated than this. NO,
does not react rapidly with CO to form CO; below 250°, but it does react
with NH; to form N, H,O, NO, and NH,;NOs. It is also capable of
acting as a reducing agent, being oxidized to nitric acid by KMnO,
solutions, for example. The dioxide combines with liquid sulfur dioxide
to form (NO).S,07, which is the anhydride of nitrosy! bisulfate, NOHSO,.
In the lead chamber process, a mixture of NO and NO, dissolves in
concentrated sulfuric acid to form this compound:

NO + NO, + 2H,804 = 2NOHSO,4 + H,0

Nitrosyl bisulfate (also known as nitrosyl sulfate, nitrosulfuric acid,
nitrosulphonic acid, and chamber crystals) is a white solid which melts
with decomposition at 73° to give the anhydride (NO;)S,07; mentioned
above. When NOHSO, is treated with water, it decomposes according
to the important reversible reaction

2NOHSO, + H:0 = 2H,80, + NO + NO,

Nitrogen dioxide dissolves in water to form nitric and nitrous acids
according to the reversible reaction

2NO; + H,0 = H* 4 NO7 + HNO,
In acid solution, the nitrous acid decomposes:

3HNO, = H* 4+ NO7 + H,0 + 2NO,  AFps = —2040 cal
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s0 that in nitric acid of moderate concentrations the principal reaction is
[see Chambers and Sherwood, J. Am. Chem. Soc., 69, 316 (1937)]:

3NO,(g) + H,0 = 2HNOs(aq) + NO(g),  AF3 = —5870 cal

It is clear from the small values of AFy that these reactions come to
equilibrium at room temperature when measurable quantities of the
reactants are present. It is also evident that the removal of NO favors
the formation of nitric acid and the decomposition of nitrous acid; in
the manufacture of nitric acid this is accomplished by having oxygen
present, which reacts with the NO to form NO,. .

Nitrogen dioxide has a corrosive action on metals and is also dangerous
to the health. The fumes should not be allowed to escape into rooms
where pcople are working or where fine machinery is installed The
dioxide combines with only a few substances, if any, to form addition or
complex compounds.

Nitrogen pentoxide may be conveniently prepared in either one of
two ways. In the first, P;0; is added slowly to cooled 100%, nitric acid
until a paste results. The mixture is warmed to 35—40° and the N,;O;
distilled off and condensed at —75° (solid CO,); the product will contain
some NO,. A further distillation at room temperature in a stream of
ozonized air and drying with P,Os result in a pure product; the ozone
oxidizes the NO, to N;Os. In the second method pure NO, is treated
directly with ozonized oxygen. The reaction

2NO; + O3 = N.Os + 0,

is rapid and complete.

Nitrogen pentoxide is a white solid whose vapor pressure is 76 cm at
32.4°. It decomposes slowly at room temperature and more rapidly at
higher temperatures. The study of the decomposition rate of the gas
has played an important role in the theories of homogeneous gas reactions.
The decomposition takes place irreversibly according to the equation

N.Os(g) = 2NO.(g) + 30,

and the reaction turns out to be of the first order.

Nitrogen pentoxide dissolves readily in water with the cvolution of
heat to form nitric acid; accordingly, N;Os is the anhydride of HNOs.
With reducing agents such as metals and organic substances, N,Os reacts
readily and sometimes violently to form oxides, or oxides and nitrates

Nitrogen trioxide, NOj, is said to form in a glow discharge through
mixtures of NO, and O,. The gases must be passed directly from the
discharge tube into a strongly cooled (—185°) trap, since the NO; is
not stable. At low temperatures it is a white solid which begins to
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decompose at —142°. In a 2 n HNO; solution it appears to be more
stable; the solutions react slowly with I~ to form iodine [Schwarz and
Achenbach, Ber., 68B, 343 (1935); doubts regarding the formation of
NOj;in a discharge tube have been expressed by Klemenc and Neumann,
Z. anorg. Chem., 232, 216 (1937); its existence as an intermediate in
gas reactions involving nitrogen oxides is frequently postulated, Crist
and Wertz, J. Chem. Phys., T, 719 (1939)].

Physical properties of the oxides of nitrogen

Owing to their great importance and interesting properties, the
physical constants of the oxides of nitrogen have been studied with con-
siderable care by several investigators. The results considered most
accurate are presented in Table 5 [see Blue and Giauque, J. Am. Chem.
Soc., 67, 991 (1935); Johnston and Giauque, J. Am. Chem. Soc., b1,
3194 (1929); Giauque and Kemp, J. Chem. Phys., 6, 40 (1938)].

TABLE §
THE PHYSICAL PROPERTIES OF THE OXIDES OF NITROGEN
(0°C = 273.1°K)

Stand-

Free ard

Melting | Heat of | Boiling Heat of Heat of Efn;‘rgy tEn-
Point | I'usion, Point Vaporization, | Formation, ;atig: gzpy.

°IK °K 0 . ’ 2987
(°K) | All (cal) (°K) AH (cal) AlTYyg (cal) AFS, | of Gas

(cal) (cal/

deg)
N.O .| 182 26 | 1563 184 59 3958 19,650 24,930 | 52 58
NO .| 109 49 549 5 121 36 3292.6 21,500 20,650 | 50 35
NO. .| 261 90 | 3502 (29t 25) 9110 7,964 12,275 | 57 47

(NO; + N204)
N,O4.[ 261 90 | 3502 294 25 9110 2,239 23,440 | 72.73
N.Os| — — 305.5 13,800 700(g) —_ _
(subl. point) —13,100(s)
NO;.| — — — — 13,000(?) — —

The heat, energy, and entropy values are for one mole of the compound in question.

N.O

The infrared absorption spectrum of nitrous oxide can be interpreted
satisfactorily only on the assumption that the molecule is linear with the
two nitrogen atoms adjacent to cach other, NNO [Plyler and Barker,
Phys. Rev., 41, 369 (1932)]. The N-N and N-O distances are not
accurately known, but the moment of inertia of the molecule as obtained
from the rotational lines of its spectrum has been established as I =
66.0 X 10~4° g ¢cm?, The vibrational energy states of N,O are given by
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the experimentally established formula

consne = 1288.7v, + 588.30, + 2237.9v5 — 3.307 — 2.202 — 13.807

bt 101);1)2 - 261)103 - 13.5020; + 3.002

" where vy, v3, and vs are the ordinary vibrational quantum numbers and

Fig. 2. The Molec-
ular Structure of N,O.

{ must assume only even integral values less than
or equal to v,, The four quantum numbers
v1, ¥y, v3, and [ are required because the molecule
is linear. For a nonlinear triatomic molecule
like NO; or 8O,, there are only three fundamental
frequencies of vibration; but for a linear triatomic
molecule there are four, two of which have the
same frequency (degencrate).

The vapor pressures of the solid and liquid are
given by the semiempirical equations

Solid:

N—N = 1.124; N—O
= 1.19A. [Schomaker 1286
and Spurr, J. Am. Chem. logio Pem = — —7 - + 9.13061 — 0.00140387'
Soc., 64, 1184 (1942).] T
Liquid:
logio Pem = — §9—?l,56 + 6.72158 (182.26 — 185.85°K)
Heat Capacities (Molal) (cal/deg.)
TCK)......co.... 20 50 100 150 180 185
Crpoverivinnnan.. 1.51 | 6.52 | 9.90 | 12.19 | 13.98 | 18.57 (liq.)

The entropy of N,O(g) can be calculated from spectroscopic data and
has also been carefully determined from heat-capacity measurements
[Badger and Woo, J. Am. Chem. Soc., 54, 3523 (1932) ; Blue and Giauque,
J. Am. Chem. Soc., 67, 991 (1935)]. The results are, in cal/deg mole:

Spectroscopic | Heat-Capacity Diff
Data Measurements :
Stos 52,581 51.44 1.14

The difference is explained in terms of the randomness of orientation of
the N,O molecule in the crystal at low temperatures. If this ran-
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domness were such that the molecules did not differentiate between the
orientation NNO and ONN, then the experimentally found value of Spy
would be too small by the amount R log, 2 = 1.38 cal/deg. This is
not much larger than the 1.14 cal/deg shown above. It is presumed that
some randomness of orientations exists but that it is not complete.

No equilibrium measurements involving the formation of nitrous
oxide have been made. All known reactions in which it enters are either
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Fig. 8. The Effect of Pressure on the Thermal Decomposition of Nitrous Oxide.

irreversible or hopelessly complicated. By using the observed AH® and
the AS° obtained by application of the third law of thermodynamics, it
is possible to calculate an accurate value of AFe, of formation, namely,
the value 24,930 cal, shown in Table 5.

In recent years added intercst has been shown in the imperfections
of gases both for the purposes of applied thermodynamics and for their
theoretical interest. The values of the second virial coefficient B
(in PV = RT + BP) for N,;0 have been carefully determined [Johnston
and Weimer, J. Am. Chem. Soc., 66, 625 (1934)] and, expressed empiri-
cally, are, in cm3/mole,

5611.5 1018
B =32 — — e

The rate of thermal decomposition of N,O into N and O, has becn

studied in the temperature range 565° to 850°C and over a large range of

108 10t
+ 3:9424 X Ul 3.9145 X T + 3.0747 X
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pressures. The results of several investigators are shown in Fig. 3
[Hinshelwood and Burk, Proc. Roy. Soc., 106, 284 (1924); Hunter,
tbid., 144, 386 (1934)]. The form of the curve is rather complex and it
is improbable that the whole pressure range can be represented by any
expression with a single set of constants (see Hinshelwood, The Kinetics
of Chemical Change, p. 131, Oxford University Press, 1940).

NO

Nitric oxide gas is paramagnetic, the molal susceptibility in cgs units
and gauss being 1.46 X 102 at 20°C [Bauer and Picard, J. de Phys.,
1, 97 (1920); Sone, Sci. Rep. Tohoku Univ., 11, (3), 139 (1922); see also
Van Vleck, Phys. Rev., 31,587 (1928)]. Intermsof u = (3xaRT/(No)?)*,
where x. is the molal susceptibility, N, is Avogadro’s number, and p
is the magnetic moment in Bohr magnetons, the following values for
NO have been obtained experimentally. The p (calc.) values were
obtained by use of the theory to be discussed below.

T(°K) u (obs.) | u (cale.) T(°K) | u (obs.) | u (calec.)

112.8 1.535 1.546 216 0 1.768 1.7711
157.2 1.679 1.678 250.6 1.807 1.807
178.0 1.713 1.718 296.0 1 837 1 837

[See Bitter, Proc. Nat. Acad., 16, 638 (1929); Aharoni and Sherrer,
Z. Physik, 68, 749 (1929); Wiersma, deHaas, and Capel, Comm.
Leiden, 212b.] The observed values of p are not constant, as they
would be if the electronic state of the molecule did not vary with the
temperature. The results of both the magnetic measurcments and the
absorption spectrum of NO [Jenkins, Barton, and Mulliken, Phys. Rev.,
30, 150 (1927); Gillette and Eyster, Phys. Rev., 66, 1113 (1939)] are
explained as follows:

The lowest or ground state of the nitric oxide molecule has a resultant
angular momentum due to the combined spin and orbital momenta of
the odd valence electron (5 + 6 = 11). In this ground state, the
electron spin momentum of } opposes the orbital momentum of 1, so
that the resultant is 1 — 3 = 4. Such a state is given the designation
. It is comparatively easy to excite