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INTRODUCTION 

During the latter years of the nineteenth century, it was 

observed that when some gases, or mixtures of gases, were excited 

by an electrodeless discharge, a luminescence or afterglow with a 

continuous spectrum was produced. In 1900, Lewis (1) reported that 

nitrogen subjected to a condensed discharge gave an afterglow different 

from those previous1y obtained from other gases. He described it as 

a 11rich chamois yel1ow fog11 • It lasted for severa1 seconds after the 

discharge had been tur.ned off, and its spectrum consisted of narrow 

bands. 

Several years later, Strutt (2), who 1ater becam.e Lord Rayleigh, 

observed that the spectra of elements and compounds excited in the 

presence of the yellow nitrogen were the sam.e as those produced by 

other methods. He also discovered that the glowing gas reacted with 

metals to form nitrides, and referred to the gas as "active nitrogen11 • 

He believed that atoms fonned in the discharge were the reactive species 

in active nitrogen. 

When studying the afterglow of active nitrogen, Lewis (1) noted 

that the intensity varied with the presence of impurities. Trace amounts 

of o2cygen or o:xygen-containing compomds, such as water, appeared to be 

necessary to produce the afterglow, but larger amounts destroyed it. 

Tiede and Domcke (3) agreed with this view. With pure nitrogen they 

observed little afterglow, but when o:xygen was added to the system, the 

--·- -- -- - - -------- --- - --------- -----------' 



afterglow became quite intense. From this, they concluded that the 

afterglow was caused by the oxygen present and not by an active 

species of nitrogen. However, Baker and Strutt (4) showed that under 

their conditions the afterglow could be seen even with pure nitrogen. 

Lewis (5) suggested that impurities for.m a layer of gas on the walls 

of the tube which prevents recombination of atoms on the surface. 

Since there is then toore recombination in the gas phase, the afterglow 

is enhanced. This suggestion 'tms supported by the observation that 

when the vessel was heated for a long time, no afterglow appeared. 

Rayleigh' s experimenta (6) gave similar results. He found that the 

oxygen apparently did not take part in producing the afterglow, but 

only conditioned the w~~s. To increase the intensity of the after

glow, the walls of the vessel may be poisoned by certain substances, such 

as phosphoric or sulphuric acid, \ihile other materials, such as Apiezon 

oil, have the reverse effect. 

The result of passing active nitrogen between two electrodes 

indicated high electrical conductivity in the gas. Constantinides (7) 

found that the ion current as a ftinction of the plate potential 

followed Ohm1 s Law up to the saturation potential, but that an increase 

in the ion current occurred near the ionization potential of nitrogen. 

He found the saturation current to be proportional to the area of the cathode, 

and that, between electrodes exter.nal to the discharge tube, the current 

remained constant when the potential between the first pair was 

increased from 0 to 250 volts. He concluded, therefore, that ions 



from the discharge could not account for the conductivity of the gas, 

and that the electrons emitted from the electrodes photoelectrically, or 

by the action of active nitrogen on the metal, caused the current. 

Using a hot cathode, Rayleigh (8) found that the saturation current 

decreased when he expected it to increase. Because of this, he 

thought that there were positive ions present. However, Benson (9) 

was unable to detect positive ions in active nitrogen, and concluded 
-6 

that electrons, the concentration of which was less than 10 that of 

the active species, were the charged particles responsible for the 

ion current. 

Another unusual property of active nitrogen, stud.ied by 

Rayleigh in 1911 (10), was a negative temperature coefficient 

associated with the process responsible for the afterglow. He found 

that the intensity of the afterglow was proportional to T-0• 64 where 

T is the absolute temperature. Debeau (11) noted that when part of 

a vessel containing discharged nitrogen was immersed in liquid air, 

the afterglow increased in intensity and then disappeared. As the 

vessel was warmed up, the afterglow reappeared at the cool surface 

first, and then spread throughout the vessel. If the afterglow were 

destroyed completely by heating, the gas still remained chemical~ reactive 

(12). Kaplan and Carlo (13) found that this 11dark modification" could 

excite sodium D lines in the spectrum. In contrast to Rayleigh, 

Back et al. (14) have recentl:,r observed a slight positive temperature 

coefficient in the homogeneous decay of active nitrogen over a 
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temperature range up to about 1000°C. 

NA'IURE OF ACTIVE NITROGEN 

Several theories about the nature of active nitrogen have 

been proposed, but no definite conclusion has yet been reached. The 

number and kind of chemically active constituants and the exact 

mechanism for producing the afterglow are still in doubt. 

Strutt (2) considered the reactive species of active nitrogen 

to be nitrogen atoms. Sponer (15) agreed 'With him and suggested a 

mechanism for the emission of the afterglow, 

N + N + M ~M +- N2** 

N -~t * ____.,. N + hv 
2 2 

This would e.xplain the long ille of the afterglow (because three

body collisions are rare), but not the different intensities of 

variDus vibrational bands or the electrica1 properties. Birge (16) 

am Herzberg (17) supported Sponer's theory, but Bonhoeffer and 

Kaminsky (1.8) claimed that there were no triple collisions. 

Trautz (19) also believed atoms to be present. He proposed 

a mechanism for the production of the afterglow which inc1uded 

triatomic nitrogen as one of the species present, although Strutt (2) 

had shown that nothing anal.ogous to ozone cou1d be condensed in 1iquid 

air. Recent1y Peyron et al. (20) discovered N
3 

in the solid condensed 

by liquid helium from dischargErl nitrogen, but this appeared to be 

weakly bound N2 -- N, probably formed. in the so1id phase , 
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and not similar to ozone. 

Several workers (21 - 24) have shoWl that atoms are present 

in active nitrogen and probably take part in the process which emits 

the afterglow. The question remains, however, whether the atoms are 

in the ground state or in an excited state. 

Kaplan and Cario (25) suggested that the atoms in active 

nitrogen were in a metastable state, being for.med by dissociation 

of an excited molecule which had been for.med from two atoms, or by the 

dissociation of one excited molecule when it collided with another. 

A collision between an excited atom and a molecule in the A state could 

p rovide just enough energy for a molecule in the twelfth vibrational 

level of the B state. (See energy diagram, Figure 1.) This would 

account for the high intensity of the band of that level in the 

spectrum of the afterglow. The B state might then revert to the A 

state to produce the afterglow, 

A Stern-Gerlach experiment made by Jackson and Broadway (24) 

supported this theory. They observed brown traces on a silver nitrate 

screen when a narrow bearn of discharged nitrogen hit the target. 

Fran the difference between the width of those traces and the traces 

o btained when the nitrogen bearn was pas sed through a nonhomogeneous 

magnetic field, they concluded. that metastable 2p atoms were present 
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FIGURE 1 

Energy Levels of Nitrogen Relative to the 

Energy of the Ground State Molecules 
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in active nitrogen. On the o"ther hand, Herbert et al. (26) found 

no evidence for metastable atoms; their concentration was, perhaps, 

too small to be detected by the vacuum ultraviolet absorption 

method used. Also, Worley (27) and Frost and Oldenberg (28) did not 

observe any absorption due to the metastable A3 L state of the molecule, 

indicting a low steady-state concentration of molecules in this 

energy state. The lifetime of the A state, estimated by Lichten (29) 
. 

to be one tenth of a second, is much too short to account for an 

aftergl.ow of long durati.on produced according to the mechanism 

suggested by Kaplan and Carlo (25), involving, as this does, a collision 

b etween an A3 L.. + state :roolecule and a ~ atom. 
u 

Because of the electrical conductivity of active nitrogen, 

Mitra (30) suggested that the active species was a mixture of N; ions 

and electrons, and that the long life of the afterglow was due to a 

t hree-body collision, 

N
2
-r + e + N ---4>N (B3TT ) + N (A3 L ..-) 

2 2 g 2 u 

N
2 

(B3 IT ) ~N (A3.L~) + hv 
g 2 u 

In the first step of the mechanism, there is an energy deficiency of 

0.27 ev which Mitra thought could be made up by kinetic energy. 

Worley (27) supplied evidence against Mitra1 s theory when he found 

no absorption by N; ions, while Benson (9) verified Strutt1 s resulta 

that the removal of charged particles did not affect the afterglow 
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pr activity of the gas, and also showed that a magnetic field 

did not deflect a beam of the glowing gas. Since the concentrat

ion of electrons detennined by Benson was 10-6 that of the active 

species, it was impossible for the behaviour of active nitrogen to 

be ascribed to a mixture of N~ ions and electrons. 

In 1953, Mit ra (31) revised his theory, but again included 

ions in the mechanisn. He suggested that the active species con

sisted of 2D or 2p metastable atoms formed by the dissociative 

recambination of an electron and a Ni ion fo~ed in the discharge. 

+ e ~N (2n)-+ N (2p) 

Since the 2o atom bas a relative~ long life, it does not drop to 

the ground state, but the lina for the transition 2p~4s may be 

o bserved in the spectrum of the discharge. Mitra was able to 

explain the properties of active nitrogen using this theory, but it 

was not generally accepted. 

The most popular theory at present is that ground state atoms 

a re the active species in active nitrogen. As mentioned previously, 

the presence of atoms bas been dem.onstrated by many workers. Wrede (22) 

allowed aèt.tve nitrogen to diffuse through a small orifice and obtained 

a pressure differentia!, fran which he was able to calculate the atom 

concentration. Debeau (11) assumed that his observations on destruction 

of the afterglow by beat, and its regeneration at a cool surface, 

were due to the presence of atoms, but no accurate quantitative 
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measurments were possible in his studies. 

The paramagnetic resonance spectrum of active nitrogen 

recorded by Heald and Beringer (32) showed the presence of ground 

state atoms and IOOlecules only. However, up to 1% of the total 

nitrogen atom concentration might consist of excited atoms which 

could not be detected. This spectrum was the first definite proof 

of the state of the atoms. Two recent mass spectrometrie investiga-

tions of active nitrogen by Jackson and Schiff (33) and Berkowitz, 

Chupka, and Kistiakowsky (34) have confirmed Heald and Beringer' s 

resulta. 

The present theory of the production of the afterglow in 

active nitrogen assumes that grouni state atoms unite to give a 

qumtet state of the rolecule, which may then undergo different 

transitions, as follows: 

A thre&-body collision is assumed to produce the weakly bound 

nitrogen molecule in the 5 L -t state, which has been observed 
g 

spectroscopicalzy by Herzfeld and Broida {35-37). The three 
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suggested transitions give rise to different bands in the afterglow 

spectrum. Herzberg (38) observed the ~-Birge-Hopfield bands in 

the vacuum ultraviolet region for vibrational levels of the B state 

lower than V 1 = 6. Of the First Positive system, selected bands are 

enhanced. They are of transitions from vibrational levels v 1 = J2, 11, 

10 and, less intense, 6, 4, 3 and 2. Kistiakowsky and Warneck (39) 

have suggested that the weaker bands do not belong to the First Positive 

system, but are produced by a transition from an unknown state, Y, to 

another unknown state, z. Further studies of these bands by LeBlanc 

et al. (40) and Bayes and Kistiakowsky (41) have indicated that the Y 

state is probably 3Â , or, less likely, 31:-, and is formed by a 
u u 

radiationless transition from the 5 L- + state. The z state is 
g 

believed to be the B3Tr state. The transition from the A3L-t g u 

state to the ground state produces the Vegard-Kaplan bands. When 

these bands were discovered (42), the relative energies of the singlet 

and triplet states were fixed. Recently Beale and Broida (43) have 

observed these bands in a pinkish glow, immediately preceded and 

foll.owed by the usual yellow af'terglow. 

The mechanism outlined above is in accordance wi th the fact 

that the decay of active nitrogen is termolecular, but bimolecular 

in respect of the active species, nitrogen atoms. The order of the 

reaction has been known for a long time (44, 45), and recent mass 

spectrometrie work by Berko~dtz et al. (34) has confirmed it. 
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The rate of recombination of nitrogen atoms has been studied 

lately, and several values for the rate constant have been recorded. 

Wentink et al. (46), by measuring the rate of decrease of the after-
16 

gl.ow intensity with a photomultiplier, obtained a value of 1.2 x 10 

cm. 6/mole 2/sec. The rate constant determined mass spectrometrically 

by Herron et al. (47) was 5.7 x 1015 cm../mole 2/sec. Harteck et al. 

(48) determined the absolute nitrogen atom concentration at one point, 

and then, with a photomultiplier, followed the decrease in the intensity 

of the afterglow down the tube. Their value of the rate constant 

calculated from this infonnation was 1.7 x 10 -32 cm. 6/molecule 2/sec. 

Kelly and Winkler (49) found a value varying from 1.09 x 10 - 33 to 

13.2 x 10 - 33 cm. 6/molecule 2/sec., depending on the temperature. 

This was contrary to the conculsion of Herron et al. (47) that there 

was no temperature dependance of the rate constant between 200 and 

450° K. 

ENEIDY OF ACTIVE NITROGEN 

Not only has the nature of active nitrogen been disputed 

for years, but also the value. of its energy. 

Strutt (2) believed that active nitrogen, although atomic, 

did not contain a l arge amount of energy. He found that the 

temperature rise of a copper probe in the gas alone was similar 

to that of a probe in the gas which had reacted with nitric oxide. 
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F,rom the reaction with nitric oxide, Willey and Rideal (50) concluded 

that the energy of active nitrogen, which they believed to consist 

of metastable molecules, was about 2 ev/ mole of total nitrogen. 

Rudy (45) obtained a value of 11 ev, and Saha and Sur (51) 

a value of 8.5 ev for the energy of the active species which they, 

too 1 thought to be meta stable molecules. 

Birge and Sponer (52) considered the energy of active 

nitrogen to be the dissociation energy of nitrogen. From the 

value of the eleventh vibrational level of the B state of the 

molecule, they fotmd it to be 11.4 ev, which agreed with the spectro

scopie value of il. 9 ev. By meaB.uring the temperature increase of 

metal foil in a stream of active nitrogen, Rayleigh (53) obtained a 

much higher value of 12.9 ev/ mole of total nitrogen. However, it 

was shown later by Benson (il) that much of the heating was due to 

electron bombardment. 

The energy of active nitrogen and the dissociation energy of 

nitrogen are now considered to be the same. The most contested 

values for the dissociation energy were 7.38, 8.57, 9.76, and 11.8 ev. 

Gaydon (54) suggested that the true value was 9.76 ev, and this is now 

gcnerally accepted. The rel:lults of Kistiakowsky, Knight and Malin (55), 

Douglas (56), Thomas, Gaydon, and Brewer (57), Brook and Kaplan (58), 

Christian, Duff, and Yarger (59), and Toennies and Greene (60), based 

on a variety of experimental techniques including shock wave (59, 60) 

and spectroscopie (56, 57) studies, all support this value. 
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In a discussion of the two more acceptable vaules, 7.38 

and 9.76 ev, Martin, Harnisch, and Pohl (61) concluded that the 

hi.gher value was more reasonable. 

Hendrie (62) heated nitrogen at a pressure of about 1 mm. 

of Hg to a temperature of .3450° K. in a tungsten furnace. Under 

these conditions, there should be 2Q% dissociation of nitrogen for 

a dissociation energy of 7.385 ev, but only 0.5% dissociation if 

the dissociation energy were 9.765 ev. Since no dissociation was 

detected, he concluded that 7.385 ev was not the correct value, and 

was able to set a lower limit of 8.80 ev for the dissociation energy 

of nitrogen. Later, Herzfeld and Broida (35) obtained a lower limit 

of 9.632 ev from spectroscopie studies of the solid condensed by 

liquid heliun from discharged nitrogen. 

C HEMICAL PRDPERTIES OF ACTIVE NITROGEN 

In early work on active nitrogen reactions, only qualitative 

observations were made. The emission by metals placed in the glowing 

gas and the spectra of other substances introduced into the gas were 

studied. Strutt (2) found that nitrides were formed when active 

nitrogen was mixed with the vapours of many metals and those of some 

non-metals. The spectrwn of the fiame resulting from the reactions 

of active nitrogen with organic compounds showed the red and violet 

CN bands very intensely. Inorganic compounds, on the other hand, 

gave spectra that showed little in common with one another. 
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During the past fifteen years, extensive quantitative 

studies of active nitrogen reactions have been unde:rtaken. 

Reactions with Organic Componnds 

Although the present study is concerned with reactions of 

active nitrogen with inorganic molecules, a brief review of studies 

made 'Wi.th organic molecules will be given, since such studies have 

provided considerable information about the behaviour of active 

nitrogen. 

The majority of organic compounds react with active nitrogen 

to fonn hydrogen cyanide as a main product. From alkyl chlorides, 

hydrogen chlori.de is also obtained as a major product, while some 

cyanogen and small amounts of hydrocarbons are general~ formed 

from ail organic reactants. Formation of a polymer containing 

n itrogen sometimes occurs, particular4r at low temperatures. The 

extent of polymer fonnation is very variable, from traces onzy to 

relative4r large amounts, and the same may be said of a.mmonia 

production (6,3). Nelson et al. (64) have recent4r measured the yield 

of annnonia from ethylene, ethane, n-butane, and butene-2, and fotmd 

i t to pass through a maximum value at flow rates of reactant roughly 

equivalent to the active nitrogen concentration, while at high 

reactant flow rates ammonia production was never more than 2% of the 

maximum hydrogen cyanide production. 

The reaction with ethylene was the first one to be studied 

thoroughly (65, 66). At high flow rates of ethylene, the amount 
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of hydrogen cyanide recovered reached a constant value which increased 

with temperature up to about 300°C. Above that tenperature it re-

mained constant and approximated the nitrogen atom concentration obtained 

by Wrede gauge (22) measurements. This indicated complete consumption 

of the atoms, and led to the use of hydrogen cyanide production from 

ethylene at high temperatures as a measure of the atom concentration 

in active nitrogen. Recent work (64) has shown that the temperature 

dependance is a characteristic of the system. A cylindrical reaction 

vessel showed no variation in hydrogen cyanide production with temper

ature, but a spherical vessel did. 

The mechanism suggested for the reaction involves a relativeiy 

long-lived complex of a nitrogen atom and an ethylene molecule, 

Hydrogen cyanide may be fo~ed by decomposition of the complex, 

&nd by reaction of methyl radicals with a nitrogen atom, 

N + CH
3 
-~»HCN + 2H 

Reaction of the complex with another nitrogen atom would lead to 

disruption of the organic molecule and possibly cyanogen or 

acetylene formation. Methane and ethane may be attributed to 

hydrogenation of methyl radicals or ethylene, respectively. 



16 

Methane was found to react with active nitrogen to a 

limited extent only at low temperatures (67, 68). However, above 

250°C., the amoWlt of hydrogen cyanide recovered increased 

rapidly with increase in methane flow rate. It is believed that 

hydrogen atoms may be formed by attack of two nitrogen atoms in 

successive collisions with methane, and these then react with methane 

to form methyl radicals which readily react with nitrogen atoms, 

N 
N +CH ----;.N.CH --~~CH + H + N 

4 4 3 2 

CH .,.. N __ .,..,.. HCN + 2H 
3 

In general, alkanes reacted with active nitrogen more slowly 

than did alkenes, while the rate of alkyl chloride reactions (69) 

was comparable with that of alkene reactions. 

Reactions of many organic compounds with active nitrogen are 

reviewed by Evans, Freeman, and Winkler (70). A wrl.fied mechanism, 

exemplified by the reactions of c
3 

ey"drocarbons, is postulated to 

e.xplain the result of these reactions. Two assumptions made are (a) 

that nitrogen atoms constitute the onzy reactive species in active 

nitrogen, and (b) that the collision complexes fonned between propylene, 

propyl chloride or propane and a nitrogen atom are essentially the same. 

N +CH 
3 8 
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The stability of the complex may increase from propylene to propane 

and account for the different products obtained in the three reactions. 

Unsaturated compounds could be formed from the complex in the 

following manner: 

N + N.Cji6 

C"'H6*--..,.C-H* CH 7· .;. z·4 + 2 

or 

Hyd.rogen cyanide could be produced by any of the following 

reactions: 

Most of the ethylene fonned in the reaction of propylene 

with active nitrogen mey come from the decomposition of the C2H
5 

radical, 

The extent of such a reaction with propyl chloride or propane as 

original reactant would be very sma.ll because the radicals would not 

have enough energy to split off a hydrogen atom. 

This unified mechanism may be adapted to most reactions, 



possibly with some modification, to give satisfactory explanations 

for the results obtained. The relatively small amounts of ammonia 

_among the products indicate that hydrogen abstraction by a nitrogen 

atom is not significant, and it is cert~ energetically unfavour

able. 

Reactions with Inorganic Compounds 

Hydrogen: Willey and Rideal ( 71) were the first to report the 

absence of reaction between active nitrogen and molecular hydrogen. 

Lewis (72) and Kistiakowsky and Volpi (73) confirmed these resulta. 

However, they ail found that atomic hydrogen reacted with active 

nitrogen to form a.n:unonia. In his experiments with molecular hydrogen, 

Varney (74) did recover some a.mmonia, but this could be explained by 

b ack diffusion of the hydrogen into the discharge tube. 

H;ytlrogen Halides: Among the reactions wi.th active nitrogen studied 

by Willey and Rideal (71) were those involving the hydrogen halides. 

Hydrogen iodide and hydrogen bromide were found to decompose, but 

there was no apparent reaction with hydrogen chloride. Ewart and 

Rodebush (75) reported that hydrogen iodide gave a brillant blue 

flame and hydrogen bromide a bright orange one, but that hydrogen 

chloride only destroyed the afterglow. .Aimnonium bromide and 

bromine were found in the reaction with hydrogen bromide (75, 76). 

Recent work by Wiles and Winkler (77) showed that some 

hydrogen chloride was destroyed by active nitrogen to produce 
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chlorine. The maximum amount of decomposition was less than one-sixth 

of the nitrogen atom concentration. The suggested mechanism for the 

reaction involved catalytic recombination of nitrogen atoms, 

N + HCl ---+..,.N.HCl 

N .., N.HCl __..!Jo N
2 

+ H -r Cl 

At high flow rates, the reaction might be 

2 N.HCl • ~ HCl + H + Cl + N2 

Several back reactions were assumed, the most important being 

H + Cl2 "HCl + Cl 

Anmonia: Willey and Rideal (71) found that ammonia decomposed easily 

in active nitrogen. Recently Freeman and Winkler (78) studied the 

reaction and found that nitrogen and hydrogen were the only products. 

The extent of decomposition corresponded to only about one-sixth the 

amount of reaction that occured with ethylene under comparable con

ditions, and appeared to be independant of temperature. 

The explanation offered for these results is that there is a 

second reactive species in active nitrogen which reacts with ammonia 

but not with organic compounds. This species might be the vibrat

ionally excited ground state molecules suggested by Evans and Winkler 

(79). Kistiakowsky and Volpi (73) supported the view that ammonia is 

decanposed by an excited nitrogen molecule (713). They found that 

ammonia decreased the intensity of the afterglow, but did not alter 



the nitrogen atam concentration. This suggests that the excited 

molecules are in the B3TT state. KellY (80) showed that the 
g 

second reactive species is probablY fonned by the decay of nitrogen 

atoms, but its exact nature is still unlmown. 

Nitrous Oxide: Kistiakowsky and Volpi {81) found no reaction between 

active nitrogen and nitrous oxide in the temperature range of 25° to 

280°0. However, Nelson et al. {64) found a small amount of decomposit-

ion at room temperature, and more at high temperatures. 

Nitric Oxide and Nitrogen Dioxide: Spealman and Rodebush {82) dis-

covered that both nitric oxide and nitrogen dioxide react rapid.ly 

with active nitrogen. Further stuqy of these reactions was made 

by Kistiakowsk:y and Volpi {81) and Verbeke and Winkler {83). 

The primary reaction with nitric oxide appears to be 

N +NO --~~N ~ 0 
2 

followed by a chain reaction involving oxygen atoms, 

0 +NO 
~ 

~N02 

NO*~ M 
2 

>ID
2

-tM 

0 + N02 >NO+ o
2 

Verbeke and Winkler {83) found that, at 2 mm. of Hg pressure, 

the anK:nmt of nitric oxide destroyed was about 1.6 times the nitrogen 

atom concentration deter.mined from the maximum amount of reaction 

with ethylene. As one possible explanation, they suggested the 

formation of a collision complex, N.NO, which might react with 
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another nitric oxide molecule to regenerate the nitrogen atom, 

NO + N.:OO ~ N + 0 .-r N 
2 2 

However, no trace of nitrous oxide was found among the products, 

although some might bave been e.xpected from de-excitation of the 

N.NO complex. This suggestion was therefore rejected in favour 

of the view that a second reactive species, possib~ vibration~ 

or electronica~ excited molecules might be present in active 

nitrogen, and be capable of causing the decomposition of nitric oxide, 

An excited nitrogen molecule, in the fourth vibrational level of the 

A3 L- ~ state, would have enough energy to dissociate the nitrlc 

oxi.de molecule. If this is the same species that also reacts with 

anmonia, the quenching of the afterglow in that reaction, reported 

by Kistiakowsky and Volpi (73), remains unexplained. The nature of 

a second, or even a third, reactive species in active nitrogen is 

still to be detennined. However, Kaufman and Kelso (84) have sho'Wll 

that molecules in the first vibrationally excited level do exist in 

active nitrogen, and are probably fonned in the discharge. Dressler 

(85) later confirlned these resulta by a study of the vacuum ultraviolet 

absorption spectrum of active nitrogen. These resulta give some support, 

perhaps, to the suggestion of Evans and Winkler (79) that vibrationally 

excited ground state molecules might represent a reactive species in 

active nitrogen. 

There is more than one possible initial reaction betveen 

nitrogen dioxide and a nitrogen atom, 



N + :00 --~N 0 + 0 
2 2 

(slow) 

Oxygen atoms may then attack either a nitric oxide or a nitrogen 

dioxi.de molecule, as described for the nitric oxi.de-active 

nitrogen reaction, or a nitrogen dioxide molecule might react with 

an axcited nitrogen mlecule, the proposed second reactive species 

in active nitrogen, 

N; + N02 --;.N2 -r NO + 0 

Boron Trichloride: Jevons ( 86) observed the spectrum of the boron 

trichloride flame in active nitrogen. There were three intense 

bands which he showed to be due to BN. A white deposit on the walls 

gave a positive test for nitrogen. 

Silicon Tetrachloride: In the reaction of silicon tetrachloride (87) 

with active nitrogen, chlorine and a white solid containing nitrogen 

were fonned. SiN bands and unquenched afterglow bands were observed 

in the spectrum of the flame. 

Silane: Recently Dewhurst {88) reacted silane with active nitrogen 

and recovered no condensable products. With methyl silanes, ammonia 

and hydrogen cyanide were formed. Experimenta using ca
3
sm

3 
showed 

that the ammonia wa.s not f'onned by hydrogen abstraction from the 

silane molecule. The main ammonia product fonned in the reaction, 
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NH;f, indicates the intermediate in the fonnation of ammonia to 

be ~~ fonned from ~ogen atoms attached to the carbon atom. 

Dewhurst suggested that the initial reaction might be 

The analogous reaction with methane is endother.mic and therefore 

does not occur to a signiticant extent. It appears that the NH 

radical does not take part in ammonia formation, but either reacts 

with a nitrogen atom, 

NH + N --~' N2 + H 

or disproportionates, 

Other Compounds: Several other inorganic compounds have been caused 

to react with active nitrogen, but the studies have been qualitative 

only, and have given no definite information about the nature of the 

reactive species in active nitrogen. 

THE PRESENT PROBLEM 

Reactions of organic compounds with active nitrogen can be 

explained by assuming that the reactive species is atomic nitrogen. 

However, it appears that not ail inorganic reactions may be explained 

in the same way. It was thought, therefore, that further study of 

active nitrogen reactions with inorganic compounds might lead to a 



24 

better understanding of the nature of active nitrogen. 

It seemed possible that boron trichloride, being 

sanewha.t similar to anmonia although of different structure, 

might react with excited nitrogen molecules rather than atoms, 

and thus provide JIDre information about the existence of a 

second reactive species. 

When it was found that boron trichloride probably reacted 

with nitrogen atoms, but apparently only to a very limited extent, 

eJq>eriments were made with gennanium tetrachloride. This compotmd 

seemed to react even less than boron trichloride and study of it 

was abandoned in favour of germane, which was found to behave more 

sat isfa ctorily. 
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EXPERIMENI'AL 

MATERIAIS 

Nitrogen, 99.9% pure, was obtained from the Linde Company. 

To remove traces of wa.ter, the gas was passed through a trap imm.ersed 

in liquid air. 

Ethylme, 9~ pure, wa.s obtainErl from the Ohio Chemical 

Canpany. It was purified by degassing at liquid air temperature to 

rEmove any non-condensable ga ses,, followed by a bulb-to-bulb dis

tillation in which only the middle portion of the distillate was kept. 

Nitric oxide was obtained from the Matheson Company, and was 

purified by dist.illing it fran a trap surrounded by a dry ica-acetone 

bath and condensing it with llquid nitrogen. 

Boron trichlori.de was obtained from the Matheson Company, and 

gennanium tetachlDride from Dow Corni.ng Chemicals. Both were purified 

in the same manner as ethylene. 

Germane was prepared in the laboratory (S9). A mixture of 

five gram.s of germanium dio.xide and 625 ml. of 1 M hydrogen bromide 

in a two-litre, thre&-necked flask was refluxed for six to eight 

hours. After most of the solid had dissolved, the flask wa.s connected 

to the apparatus shown in Figure 2. 

Air was excluded from the systEm by :introducing nitrogen 

through a three-way stopcock, A, and allowing it to bubble through the 

reaction mixture -and out through a mercury safety valve, G. A solut

ion of 25 grams of sodium borohydride :in Y/5 ml. of water was placed 
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FIGURE 2 

Diagram of Apparatus for the Preparation 

of Germane 
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~ the droppmg funnel, B~ and ad.ded. slowly to the mixture m the reaction 

flask, c. After the reaction had started, enough hydrogen was produced 

that the nitrogen could be shut off. The rate of addition of the 

solution was adjustèd accoro:ing to the rate of evolution of hydrogen. 

The reaction mixture was stirred continuously with a magnetic stirrer. 

The inner tube of the cmdenser, D, was filled with a mixture of dry 

ice and acetone (-78°C). This prevented JOOst of the water from distilling 

into the traps, E alli F. The remaining volatile compounds were carried 

into the traps by the hydrogen and condensed by liquid air. When the 

reaction was complete, the system was connected to the pump and all the 

hydrogen and nitrogen were ranoved. The products in the t"'.-ro traps were 

transferred to a LeRoy still and separated. at -145°C. (90). Only germane 

was recovered at this tereperature. The atoount obta:ined was approximately 

8 .5-~% of the theoretical yield. 

APP.ARATUS 

The active nitrogen apparatus, represented in Figure 3, was made 

of Pyrex glass. It was similar to ethers used in this laboratory for 

studies of active nitrogen reactions. 

Nitrogen from a cylinder was introduced. into the system through 

a manostat, A~ conta:in:ing dibutyl phthalate. This was regulated 

to keep a constant nitrogen pressure head of 77.2 cm. of Hg, measured 

on the manometer, Mv when atmospheric pressure changed. A cold 

trap, :B, surrounded by liquid air, re100ved traces of wate r 
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FIGURE 3 

Diagram of Apparatus 
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from the gas. The gas passed through a capillary flowmeter, C, 

into the V-shaped discharge tube, D, containing t-wo alu.minum elect

rodes connected by ttmgsten wire to the discharge circuit. Between 

the discharge tube and the 500 ml. spherical reaction vessel, E, wa.s 

a constriction, F, to prevent back diffusion. In the reaction vessel 

was a thennocouple weil, G, with its end just below the reactant inlet, 

H. Two hemispherical furnaces connected in series could be placed 

around the reaction vessel to heat it to any temperature up to about 

450°c. Reaction products were condensed in the trap, Tv by liquid 

air. In the trap, T2, all mste prcx:lucts were collected to prevent 

them from going into the punp. A McLeod gauge, connected at J, was 

used to measure the pressure in the reaction vessel. 

The reactant flow system consisted of a bulb, K, of known 

volume, t-wo manometers, Mzand M3, and a flo'W!Ileter, L. The gas passed 

through the flowmeter at a definite rate depending on the pressure 

measured on M2• '!he pressure was regulated by adjusting the scratched 

stopcock, N, thereby deter.mining the flow rate of reactant. 

In the ana~ical system were a LeRoy still, P, and a U-tube 

trap, R, connected to a manometer, \' and the McLeod gauge. After 

seme reactions, the products were distilled from the trap, T1 , into 

an absorber, s, for analysis, rather than into the LeRoy still. 

The pump used was a Cerro Hypervac 23, guaranteed to produce 

a vacuum of 5 x 10-4 cm. of Hg. 
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For the .first .few e:xperiments the apparatus was poisoned 

with a 2$ solution of phosphoric acid. The solution was slowly 

drawn up into the reaction vessel and discharge tube. Because of 

the shape of the discharge tube, its walls could be poisoned up to 

the electrodes. A!ter the solution was allowed to run out, the system 

was evacuated and the reaction vessel heated .for several hours to remove 

aU the water. 

When preliminar.y experimente indicated that boron trichloride 

rea.ctEd with the poison, the reaction vessel and discharge tube were 

thoroughly cleaned with a mixture of hot chromic and sulphuri.c acids, 

.followed by several rins:ings with distilled. water, and the remainder 

of the work was done in an unpoisoned system. 

Since boron trichlori.de is very reactive towards stopcock 

grease, an inert .flu.orocarbon grease, Kel-F, 'Was used. Although there 

was some reaction with even this grease1 the stopcocks and joints did 

not leak and could still be moved. (When Apiezon and silicon greases 

were used., the stopcocks 11.froze11 .) The Kel-F grease was .round to be 

satisfactory also with the other reactants, gezmanium tetrachloride and 

germane. 

The electrical ciccuit .for the discharge is shown schematically 

in Figure 4. It consistai of two S66-A rectifier tubes, in parallel, 

but each in series with a 500 Jl resistor, r. A charge -was built up in 

the 20- f capacitor, C, through a resistor, R, until the voltage was 

high enough to ionize the gas in the discharge tube. The capacitor 

then discharged across the electrodes with a f lash. Immediately after 

this happened, the condenser began to charge again, starting another 
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FIGURE 4 

Diagram of Electrical Circuit 
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cycle. The discharge frequency depends on the values of R, c, and 

the transformer out-put voltage, the latter being controlled by 

adjustment of the auto-transfo:nner. In the present studies, the 

apparatus was operated with about 10 flashes per second. 

DEl'ERMINATION OF FU>W RATES 

To deter.mine the flow rate of nitrogen, the apparatus from 

the nitrogen inlet, A (Figure 3), to the flowmeter, C1 was filled 

with the gas to a pressure of 77.2 cm. of Hg. With the stopcock to 

the nitrogen cylinder closed, the gas was pwnped out through the 

discharge tube and reaction vesse!. The flow rate was calculated 

from the rate of decrease in pressure, measured on the ma.nometer, M:J... 
-6 The value wa.s 154 x 10 moles/sec. 

The flow rates of ethylene, boron trichloride, and ger.mane 

were deter.mined from P-V measurements, assuming the gases to be ideal. 

The change in pressure (measured on the ma.nometer, M3) in the known 

volume, K, was measured during experimenta with different flow heads 

(measured on the manometer, M2) to obtain a relation between flow 

head and flow rate. Severa! blank experimenta (i.e. without the 

discharge operating)
1 

:in which boron trichloride was trapped and 

titrated with standard sodium hyroxide solution >were made over a range 

of flow rates. From this, a correction curve was established for the 

flow rates inferred fran the P-V measuremEnts for that compound. 

Since germanil.Bll tetrachloride is a liquid at room temperature, 
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its flow rate could not be calculated from P-V measurements. Blank 

experimenta were therefore made for different pressure differentials 

across the flowmeter, the gennanium tetrachloride being trapped. and 

t itrated with standard sil ver nitrate solution. From the chloride 

content, the anxnmt of germanium tetrachloride that passed t.hrough 

the flowmeter was deter.mined t.o obtain the desired relation between 

flow head and flow rate. 

PROCEDURE FOR A TYPICAL EXPERIMENr 

Each moming the pressure in the apparatus was measured., 

to ensure that no lea.lœ had developed, before the nitrogen and 

rea.ct.ant flow systems were filled with the appropriate gases. 

Nitrogen wa.s then allowed t.o flow through the discharge 

tube and reaction vessel. When a constant pressure of 1.45 mm. of 

Hg wa.s reached, the discharge was tumed on for several minutes. 

During this time some of the reactant was introduced into the re

action vessel. The reaction tha.t occuiTed served only to condition 

the system and the products were not kept for analysis. 

After the discharge had been operating about five minutes 

and the temperature recorded by the thermocouple in the reaction 

vessel was constant, the trap, Tl' was surrounded with liquid air 

and the reaction begun. The reactant was admitted to the reaction 

vessel for a definite length of tim.e, usually lOO seconds, although 

for very low flow rates the ti.me was increased to 200 or .300 seconds. 



The flow head was kept constant by adjusting the scratched stopcock, 

N. Before and after each reaction, the pressure of the gas in the 

calibrated bulb, K, was noted so that the number of mles of reactant 

used could be calcul.ated. 

At the conclusion of the reaction, the reactant, the discharge, 

and then the nitrogen were tumed off, and the system evacuated. The 

trap conta:ining the reaction products was then isolated from the pump 

and the products were distilled out of the trap for analysis. 

When ethylene was the reactant, the trap was surrounded with 

carbon tetrachloride for a few seconds before distillation to allow a 

layer to freeze on the glass. This decreased the amount of polymeriza ... 

tion of hydrogen eyanide by keeping the temperature below the melting 

point of hydrogen cyanide. 

When other reactants were used, the trap was warmed to room 

temperature immediately, and the distillation was allowed to proceed 

at that temperature. 

ANAIXSIS OF PRODU::TS 

Hydrogen cyanide from the ethylene reactions was distilled 

from the trap into an absorber oontaining distilled water. To this 

solution were added ammonia and potassium iodide, and the solution 

was titrated. with standard silver nitrate solution to obta:in the amount 

of hydrogen cyanide present. (91) 

The products of the boron trichloride reactions were separated 
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,in the LeRoy still (90). Chlorine distilled at -110°C. at a pressure 

of 3 mm. of Hg, and boron trichloride at -80°C. at a pressure of 4 mm. 

of Hg, leaving tetrachlorodibor:ine :in the still. The tetrachlorodiborine 

was removed at room temperature. 

The amount of chlorine produced in both the boron trichloride 

and germanium tetrachloride reactions was determined by absorbing it in 

distilled water and titrating with standard sodium thiosulphate solution, 

using Thyodene as indicator. (91) 

In the blank experimenta to determine the boron trichloride flow 

rate, the chloride was dissolved in distilled water, in which it hydro

lysed to form borie acid and hydrochloric acid. Borie acid, being 

weakly ionized, cannot be titrated directly with a base, but the addi

tion of a polyhydro:xy compound increases its ionization. In these 

determinations, mannitol was used to make titration possible, and 

standard sodium hydroxide solution was used as titrant, with phenol

phthalein as indicator. (91) Four equivalents of hydroxide were needed 

to neutralize one equivalent of boron trichloride in solution. The 

anount of boron trichloride in the solution could also be estimated by 

titration of the chloride content with standard silver nitrate solution , 
using potassium chromate as indicator (Mohr method). (91) Since the two 

methods were found to give concurrent results, the simpler titration 

with the base was used, after the first few experiments, to determine 

the amount of boron trichloride. 

Since tetrachlorodiborine, like boron trichloride, hydrolyses 



,to borie acid and hydrochloric acid, the amount trapped in the reaction 

between active nitrogen and boron trichloride was determined by tit

ration of a solution of it with standard sodium hydroxide solution in 

the presence of mannitolo Six equivalents of base were required to 

neutralize one of tetrachl.orodiborine in solution. 

As with boron trichloride, the amount of unreacted germanium 

tetrachloride was determined by a Mohr titation with silver nitrate. 

Unreacted gennane was transferred to the U-tube trap in the 

ana.l.ytical section of the apparatus. From its pressure at room temper

a ture in a lmown volume, the number of moles was calculated, assuming 

i t to be an ideal gas. This assumption should not introduce appreciable 

error in the amount of germane reacted., since the amount of germane 

introduced into the reaction vessel was also determined by P-V measure

ments. 
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RESULTS 

REACTION OF ACTIVE NITIDGEN wTIH BORON TBICHI.ORIDE 

The flame produced when boron trichloride was introduced 

into active nitrogen was a pale green colour. At very low flow 

rates, the fla.m.e formed a sphere around the opening of the reactant 

inlet, while at higher flow rates it filled the upper part of the 

reaction vessel but did not e.xtend into the tube above. The yellow 

nitrogen afterglow wa.s destroyed completely when boron trichloride 

was ad.ded to active nitrogen, and a small am:nmt of white solid was 

deposited on the walls of the reaction vessel. 

The products trapped during each experiment were separated 

in the LeRoy still (90) by slowl.y increasing the temperature from 

that of liquid air to room temperature. Four fractions were obtained1 

the first of which distilled at -155°C., the second at -110°C., the 

thiro at -So<>c., and the fourth at room temperature. 

The first fraction was mexpected; the on:cy compound that 

cmceivably might have been fonned in some way and distil at such a 

low tempera ture appeared to be hydrogen chloride. A solution of the 

fraction in distllled water was therefore titrated as an acid with 

standard sodium hydroxide solution, and for chloride content with 

standard silver nitrate solutiDn. The results obtained agreed with 

those expected for bydrogen chloride. Since it was believed that the 

hydrogen necessary for its formation might have originated in the 
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poison on the walls of the reaction v es sel, the vessel was cleaned 

and not repoisoned. The amount of hydrogen chl.oride fonned in the 

poisoned system was comparable with the amount of chl.orine produced, 

but in the unpoisoned system it was much less. Blank eJq>eriments 

showed a neglible amount of hydrogen chloride present in the boron 

trichloride itself. 

Chlorine was the second fraction collected, and the amount 

was detennined by titration with standard sodium thiosulphate solution. 

The presence of tetrachl.orodiborine (B
2
cl

4
) among the products was 

dEIIIOnstrated by mass spectrometrie analysi/,' and this was separated 

from boron trichloride, the third fraction, by distillation when the 

tetrachlorodiborine remained in the still. The tetrachloride was 

transferred to a trap ccntaining distilled water and titrated with 

standard sodium hydroxide solution to detezmine the amount formed 

d uring reaction. 

A camparison of the amounts of chlorine formed in a poisoned 

system at 85°C. and in an unpoisoned system at lOcPC. is given in 

Table I and illustratecl in Figure 5· Also sho~ in Figure 5 is the 

yield of chlorine corresponding to different flow rates of boron 

trichl.Dride in an unpoisoned system at temperatures of 353 .± 5°C. The 

values _are listed in Table II. The temperatures mentioned above 

and m the following sections are those recorded in the reaction vessel 

when the reaction had proceeded for fifty seconds • 

.,t This analysis was done by Dr. L. Elias. 
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TABLE I 

Reaction of active nitrogen with boron trichloride. 

Poisoned system at 85 :t 50C. Unpoisoned system at lOO ± zoe. 
BC13 Flow Rate * ~ c12 Recovered BC13 Flow Rate * c12 Recovered * 

8.5 0.27 11.7 0.47 

9.6 0.33 12.4 0.41 

10.1 0.27 21.9 0.47 

13.2 0.27 

TABLE II 

Reaction of active nitrogen with boron trichloride. 

Temperature = 353 ± 5°C. Temperature = 395 :t. 5°C. 

BC13 Flow Rate* 'lt Cl2 Recovered :oc13 Flow Rate* Cl2 Recovered * 

1.8 0.36 3.0 0.38 

2.5 o:.33 ,3.6 0.48 

6.4 0.39 6.0 0.49 

1.3.0 0.47 9.9. 0.46 

16.3 0.47 10.9 0.58 

26.1 0.50 12.0 0.49 

27.8 0.48 16.6 0.48 

*' -6 Units are mles/sec.x .10 



FIGURE 5 

Clù.orine Recovered in the Reaction of 

Active Nitrogen with Boron Trichloride 

Legend: 

e Poisoned System at 85 ± ~C. 

11 Unpoisoned System at 100 ± 2°C. 

0 Unpoisoned System at 353 ± ~C. 

Cl Unpoisoned System at 395 ± ~c. 
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The results of the tetrach1orodiborine analysis from reactions 

at 395 ± 5°C. are summarized in Table III and illustrated in Figure 6. 

The ratio of the amount of tetrachlorodibo:rine recovered to the amount 

of chlorine recovered increases from about 1:10 to 1: 2 as the boron 

trichlori.de flow rate increases. 

The nitrogen atom concentration, determined from the amount 

of reaction of etnylene with active nitrogen at 35oPC., was v~.2 x 10-6 

/: ~ 1 moles sec. in the poisoned system, ani 9.5 x 10 mles sec. in the 

unpoisoned system. 

REACTION OF ACTIVE NITROGEN WITH GERMANIUM TETRACHLORIDE 

In the reaction of germanium tetrachloride with active nitrogen, 

the colour of the reaction flame was royal blue at high flow rates of 

germanium tetrachloride, but as the flow rate was decreased, the colour 

became pale blue and finally white at very low flow rates. Except at 

the lowest flow rates, the nitrogen afterglow was completely destroyed. 

No noticeable amount of solid was deposited on the walls of the reaction 

v es sel. 

The experimenta with this compound at room temperature yielded 

the resulta surnmarized in Table IV and illustrated in Figure 7. Poor 

reproducibility of results is probabl;v due to experimental error in 

analysing for such small amounts of material. 

Since the amount of ge:nnanium tetrachloride int rod.uced into the 

reaction vessel was highly dependent on the flow head, which could not 



TABlE ill 

Reaction of active nitrogen with boron trichloride 

at 395 ± 5°C. 

BCl3 Flow Rate* B~l4 Recovered ~ 

3.0 0.04 

3.6 0.09 

6.0 0.09 

9.0 0.23 

9.9 0.20 

12.0 0.24 

16.6 0.24 

5·9** 0.12 

-Jt Units are moles/sec. x 10-6 

* ~ Exper:i.ment continued for 10 minutes 
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FIGURE 6 

Tetrachlorodiborine Recovered in the 

Reaction of Active Nitrogen with Boron 

Trichlor.ide at 395 ± 5°C. 
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TABLE IV 

Reaction of active nitrogen with germanium tetrachloride 

at 65:!. ~c. 

GeCl4 Flow Rate* 

1.5 

1.5 

3.1 

3·55 

6.1 

11.1 

12.75 

19.3 

-6 * Units are moles/sec. x 10 

c12 Recovered ~ 

0.018 

0.045 

0.036 

0.12 

0.10 

0.13 

0.097 

0.08 
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Chlorine Recovered in the Reaction of 

Active Nitrogen with Germanium 

Tetrachloride at 65 ± 5°C. 
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alliays be kept constant, the amount of germanium tetrachloride which 

reactai could not be determined accurately by the difference between 

the amount introduced and the amount recovered. The chlorine results, 

however, should not be affected significantly by small changes in 

flow head. 

Compared with the nitrogen atom concentration, 16.5 x 10-6 

moles/sec., deter.mined by the amount of reaction of ethylene with 

active nitrogm, very little germanium tetrachloride was destroyed, 

ii' the amount of chlorine produced is takm as an indication of the 

extent of decompositicn. Assuming this reaction to be s:imila.r to the 

one between boron trichloride and active nitrogen, an increase in the 

aroount of reaction with an increase in temperature seemed unlikely. 

Since little information could be gathered from such a sma.ll amount of 

decanposition, study of this reaction was discontinued. 

REACTION OF ACTIVE NITIDGEN WITH GERMANE 

The flame of the reaction between active nitrogen and gennane 

was yellowish orange, and no nitrogen afterglow could be seen below 

the reaction zone. A large amount of dark brown solid was deposited 

on the wa.lls of the reaction vessel and of the tube leading into the 

trap below. After about a minute of reaction, the i'lame could no 

longer be sem because of the coating on the walls of the vessel. 

Bei'ore reactions with germane were begun, the nitrogen atom 

concentration was deter.mined by the reaction of ethylene with active 
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0 -6 
nitrogen at 350 c., and the vallle obtained was 16.5 x 10 moles/sec. 

After a few experimenta with germane had be en made, the nitrogen atom 

concentration was again determined, using ethylene, but at room temper-

-6 1 ature. The value was 1.8 x 10 moles1sec. which, from earlier work on 

-6 1 the ethylene reaction, would be equivalent to about 3.6 x 10 moles sec. 

at the hi~er temperature. When the temperature of the reaction vessel 

was increased and a few experimenta with ethylene were made at 350°C., 

the deposit on the walls tumed white. Washing the reaction vessel 

with water appeared to clean it, but when more reactions of ethylene 

with active nitrogen were done, a metallic layer, presumably germanium, 

f ormed on the walls, indicating that an :invisible residue had remained 

on the walls. The nitrogen atom concentration inferred from these last 

reactions with ethylene varied from 4 to 6 x 10-6 moles/sec. Aqua regia 

was thEn used to reroove the metal from the reaction vessel, and experi-

ments with gennane were completed before ethylene was again used. 

'!be material trapped. during the first few experimenta with 

germane was transferred to the LeRoy still, and the temperature of the 

still was raised fran that of liquid air to room temperature. Germane 

was the only compound ranoved. from the still. The absence of other 

volatile condensable products was confirmed. by mass spectrometric"f' and 

infra-red examinations. 

Because it took some ti.me for an even layer of solid to be 

deposited on the walls of the reaction vessel, it was only after 

s everal experimenta that reproducible results were obtained. Since 

*This ana4'"sis was done by Dr. L. Elias. 
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~ermane decomposes at 283°0. (92), one series of experimenta was 

done at 200°0., followed by another series at 100°0. The resulta 

of these experimenta are summarized in Table V and illustrated 

in Figure s. 

The nitrogen atom concentration was again deter.mined, 

follolring the experimenta with germane, and without cleaning the 

reaction vessel, by reacting ethylene with active nitrogen at room 

temperature. As indicated previously, the average value obtained, 

-6 3.7 x 10 mles/sec., may be taken to be appro:x:imately one-half the 

a tom concentration at the higher temperature. Sin ce the resulta of 

individual experimenta did not agree satisfactorily and higher 

tEmperatures could not be used because of decomposition of the solid 

on the walls of the reaction vessel, the maximum amount of nitric 

oxide destroyed :in its reaction with the active nitrogen was determined 

-6 /. and found to be 10.5 x 10 mles1sec. According to Verbeke and 

Winkler (83), this would correspond, at the same pressure, to a 

-6 1 nitrogen a tom concentration of about 7 x 10 moles sec., as inferred 

from the reaction between ethylene and active nitrogen at high tem.per-

atures. From these resulta, it is apparent that the deposit on the 

walls of the reaction vessel increased surface recombination of the 

nitrogen atoms, and therefore decreased the available nitrogen atom 

6 -6 -6 1 ccncentration fran 1 .5 x 10 to appro.ximatezy 7 x 10 moles sec. 

When no further experimenta were to be made, some of the 

deposit in the reaction vessel was removed and an anal.ysis of it 

a ttempted. S:ince hydrol.ysis of the solid by alkali caused evolution 
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TABLE V 

Reaction of active nitrogen with germane. 

Temperature ; 100°C. Temperature = 200°C. 

GeH4 Flow Rate * GeH4 Reactedit GeH4 Flow Rate~ GeH4 Reacted * 

1.6 1 • .38 0.98 0.92 

,3.6 1.9 0.64 0.60 

5.32 2 • .39 2 • .34 2.09 

7.44 2.51 .3·93 2.71 

9.95 2.65 8.55 .3.09 

11.8 2.80 10.96 .3.59 

17.8 2.46 16.1.3 4.07 

21.6 ,3.12 20.4 4·.3 

26.2 2.85 26.45 4-.35 

. 31.8 4.1 

* -6 Units are moles/sec. x 10 
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FIGURE 8 

Germane Destroyed in the Reaction 

of Active Nitrogen with Germane 

Legend: 0 

èl 
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of ammonia, it was coo.cluded that the material was a nitride or 

mllture of nitrides. There are two kno'WI'l germanium nitrides, 

germanous nitride (Ge_f2) and germanie nitride (GejJ4), each with 

different properties. 

The dark bro'WI'l solid fonned in the reaction between active 

nitrogen and germane was insoluble in sulphuric and hydrochloric 

acids, but dissolved in water to fonn a brown solution and in sodium 

hyd.roxide solution to fonn a colourless solution. When acid was added 

to the water solution, it became colourless and the brown solid was 

precipitated. The colour of the solid became lighter when it was left 

e:xposed to the air ovemight. These observations agree with the 

behaviour observed by Johnson and Ridgely (93) for germanous nitride, 

which they noted to be dark brown, to be hydrolysed slowly by water 

but mre easily by alkali, and to react with atmospheric moisture to 

form white germanie oxide. Johnson (94) found that germanie nitride 

was insoluble in water and other common inorganic solvents, and that 

i t was not affected by air at ordinary temperatures. From these 

observations it may be concluded that the solid fonned in the germane -

active ni trogen reaction was ma.inly germanous nitride. 

Analysis of the solid for nitrogen by the micro-Kjeldahl 

method gave a value of 5 • .3% nitrogen, compared with theoretical 

values of 11.4% for pure germanous nitride and 20.5% for pure germanie 

nitride. This result is not unreasonable considering that partial 

conversion to the oxide probably occurred when the bro'Wll solid was 

e:xposed to the air. A small amount of the solid was oxi.dized to 
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.germanie oxide by perchloric acid, and the acid was evaporated. 

Assuming the sample to be a mixture of on~ one of the nitrides 

with the oxide, it was possible to calculate from the change in 

weight of mixture, on o:xidation, the éll!Dunt of gennanium combined 

with the nitrogen, and thus determine which nitride was present. 

It was found that the a.m::nmt of germanium converted from nitride 

to oxide was 37% of the original sample. The am:>unt of germanium 

that would be combined with an a100unt of nitrogen corresponding to 

5.3% of the original sample would be 41% for gennanous oxide, and 

half that value for germanie nitride. 

X-ray ana~sis * of the substance showed only that it was 

a.IOOrphou~, and therefore no further information could be obtained 

from that œthod of analysis. 

From the resulta of the analyses and the properties 

observed, there seems little doubt that the deposit formed in the 

reaction vessel was germanous nitride, and that when it was ex

posed to the air, some of it suffered change to germanie oxide. 

'lt' Courtesy of the Department of Geology, McGill University. 
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DISCUSSION 

~ACTION OF ACTIVE NrrROO-EN WITH BORON TRICHI.ORIDE 

Since the afterglow is complete:cy destroyed in the reaction 

of active nitrogen with boron trichloride, the chloride must react 

with either nitrogen atoms or ex.cited molecules in the B3TT 
g 

(energy of 7.3 ev.) or higher energy state. The resulte of this 

reaction can be explained wi th out invoking the presence of exci ted 

molecules in active nitrogen, i.e., by considering nitrogen atoms to 

be the only species in active nitrogen that reacts with boron tri-

chloride. This does not mean, of course, that the results deny the 

existence of excited molecules in active nitrogen, because they may 

also be explained by assuming that such a species is involved, as 

indicated later. 

The first step in the reaction may be a collision between a 

boron trichloride molecule and a nitrogen atom, with the formation 

of a relatively long-lived complex which then reacts with another 

nitrogen atom, with dissociation of the resulting highly energetic 

boron trichloride molecule. 

BC13 -+ N-~[FJ:;13.N)--'N-'--~> BCij~N2 ~BCl2+Cl+ N2 

~Bel +Cl2-+N2 

6 Ha -116 kcal. (la) 

~ H= -83.5 kcal. (lb) 

(Heats of reaction in this and the following sections were calculated 

from heats of formation and bond dissociation energies listed in 

the Appendix.) The BC1
2 

radical might then react in either of two ways: 
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(a) in a process involving two nitrogen atoms, in a manner similar 

to that for boron trichloride above, 

BC12 +N ?(BC12.N] N ):0Cl~+N2 -~)'BCl+Cl+N2 Â H= -135 kcal. (2) 

or (b) by dimeri zation to form tetrachlorodiborine, 

Since the extent of reaction (3) should increase relative to reaction 

(2) as the flow rate of boron trichloride is increased, and more 

nitrogen atoms are consumed in reaction (1), the increase in the ratio 

of B tJ14: c12 with flow rate of boron trichloride is explained by such 

a mechanism. 

The BCl radical formed in reaction O.b) or (2) may react with a 

single nitrogen atom to fonn the small a.zoount of boron nitride, which was 

deposited on the walls of the reaction vessel, 

(3) 

BCl + N~BN +Cl ~ H= -38.5 kcal. (4) 

(Although the deposit was not analysed, Jevons bas shown this to be 

the solid product when active nitrogen reacts with boron trichloride 

(86).) 

Much of the chlor:iJl.e produced, whether atomic or molecular, 

might be expected to react vigorously with BCl or :001
2 

radicals to 

re-form, eventually, boron trichloride, 

Cl+ :001 ,.BCl 
2 A Ha -90 kcal. (5) 

Cl
2

-t :001 ~BC13 A H• -141 kcal. (6) 

Cl-+ :00~ ') :0013 A H• -108 kcal. (7) 
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'rhus the small amount of chlo:r:i.ne recovered, compared wi. th the 

nitrogen atom concentration, can be explained by the occurrence 

of a large am:>unt of back reaction to produce the original reactant, 

boron trichloride. 

S:ince very little solid was deposited on the walls of the 

reaction vassel, reaction (4) must be of relative~ little import

ance, which again su.ggests that the concentration of radicale, such 

as Bel, must have remained low, presumably because of back reaction. 

Less chlorine was recovered in the poisoned system than in 

the unpoisoned systEm. Smce there would be mre nitrogen atoms, and 

therefore more forward reaction, in a poisoned reaction vessel than 

in an unpoisoned one, there must also have been DDre back reaction to 

e:xplain the resulta obtained. S:ince an :increase in temperature did 

not increase the amount of chlorine recovered, presumably the amount 

of back reaction must have increased with temperature to about the 

same e.x:tent as the amount of forward reaction. This suggests that 

the activation energies involved were all about equal, and probably 

all low. 

Because of the seemingly extensive back reaction, no relation 

between the nitrogen atom concentration and the amounts of products 

formed can be established. To a major extent, the net reaction 

corresponded simply to catalyzed recombination of nitrogen atoms by 

the boron trichloride, reflected in the disappearance of the active 

nitrogen art erglow without substantial product fonnation. 

The reaction of boron trichloride with active nitrogen might 
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also be explained by assuming, as an initial step, its decomposition 

by excited molecules in active nitrogen, e.g., molecules in the 3 TT 

state. 

(8) 

However, this changes little of the preceding arguments since such a 

reaction must be followed, presunably, by reactions involving atomic 

nitrogen, as above, because the afterglDw is e.xtinguished even at low 

rates of boron trichloride. 

REACTION OF ACTIVE NITROGEN Wll'H GERMANIUM TErRACHWRIDE 

S:ince only a few experimenta using active ni trogen and gennan-

ium tetrachloride were made, ver,r little can be said about this reaction. 

However, the mechanism is probably similar to that of the reaction be-

tween active nitrogen and boron trichloride. 

REACTION OF ACTIVE NITROOEN WITH GERI>iANE 

Since germane and silane are similar compounds, it is probable 

that they both react with active nitrogen :in the same way, and the 

mechanism suggested by Dewhurst (88) for the reaction between silane 

and active nitrogen may be applied to the germane - active nitrogen 

reaction. 

According to this mechanism, which is similar to that proposed 

by Wiles (95) for the reaction of phosphine with active nitrogen, a 

hydrogen atom was abstracted from the germane molecule by a nitrogen 
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a tom, 

~ H: ,..; -17 kcal. 

The same process may occur wi.th the GeH3 radical, 

A H= l'V -25 kcal.. 

and with the GeH2 and GeH radicals1 

GeH
2 

-r N -~~GeH + NH .A H= l'V -25 kcal. 

GeH + N ---i', Ge + NH A Hz '""' -15 kcal. 

As an altemative to reaction (12) the hydrogen atom may be replaced 

by a nitrogen atom to form GeN, 

GeH + N -~GeN t- H 

Altoough the heat .ev:o1ved in this last reaction cannot be calculated. 

because of the lack of infonnation about GeN, the reaction is probably 

exothennic. Heats of formation of the other radicals have been estim-

a ted, as explained in the Appendix, and used to give approxima te heats 

of reaction, which may be considered accurate enough to show that the 

reactions are ther.modynamically possible. 

Sin ce no ammonia was detected in the products, the NH radicals 

must have disproportionated, 

2NH ~ H• -146 kcal. 

or suffered further reaction wi.th a nitrogen atom, 

â H= -133 kca1. 

Hydrogen atoms, in addition to recombination, would be 

(9) 

(10) 

(ll) 

(12) 

(13) 

(14) 

(15) 
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·expected to attack genœ.ne rrolecules or germanium hydride radicals 

to produce hyd.rogen, 

GeH4 + H GeHJ -t H2 6 H= ~ -30 kcal. (16) 

GeH
3 

1- H 'Jl'GeH2 + H2 AH: ,..., -40 kcal. (17) 

GeH
2 

+ H ~GeH + H2 6H: ,.J -40 kcal. (18) 

GeH + H Ge + H2 6H: ,-..J -30 kcal. (19) 

Catalytic recombination of nitrogen atoms on a germane molecule 

might a1so have occurred, 

GeH
4 

+ 2N ~Ge + 2H + 
2 N2 ~ H: ;'V -150 kcal. (20) 

but since this requires a three-body collision, it is less likely than 

reaction (9), the abstraction of a hydrogen atom by a single nitrogen 

a tom. 

Since no volatile, condensable compounds, other then germane, 

were recovered, there was apparentl.y no significant amoWlt of dimeriza-

tion of radicals. 

The deposition of germanous nitride was, in all probability, 

the result of a wall ~ction involving GeN and germanium formed in the 

gas phase, 

(21) 

As with boron trichloride, the initial reaction might involve 

energy transfer from an excited molecule in active nitrogen, 

(22) 
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followed by reactions of the GeH3 and ether radicals with nitrogen 

atoms, since the nitrogen af'terglow was quenched completely by the 

introduction of ger.mane. 

Since both the boron trichloride and gennane reactions may 

be satisi'actorily explained by assuming atomic nitrogen to be the only 

reactive species in active nitrogen, the resulta of neither reaction 

can be considered. as evidence for the presence of JOOre than one 

reactive species in active nitrogen. 
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SUMMARY AND CON!'RIBUTIONS TO KN0\1/LEDGE 

1. Studies have been made of the reactions of active 

2. 

nitrogen with boron trichloride at temperatures of 85°, 

100°, 353°, and 3950C., with gennanium tetrachloride at a 

temperature of 650C., and with gennane at temperatures of 

100° and 2oooc. All experimenta except those with boron 

trichloride at 85oc. were made in an unpoisoned system. 

The products of the boron trichloride - active nitrogen 

reaction were chlorine and tetrachlorodiborine, the maxi.mum 

am:>unt of tetrachlorodiborine fonned being one-half the 

maximum amount of chlorine fonned. The amount of chlorine 

recovered was independent of temperature, and very low 

compared with the nitrogen atom concentration. A small 

am:nmt of borœ nitride was also foxmed and deposited on the 

walls of the reaction vesse!. 

It is suggested that decomposition of boron trichloride 

might be due to recanbination of nitrogen atoms on boron 

trichloride molecules, or, possi.bly, to collisions between 

e.xcited nitrogen and boron trichloride molecules, to produce 

atomic chl.orine and BCl2 radicals. 

The lo11 yield. of products is explained by assuming a 

large amount of back reaction to regenerate the reactant. 
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. 4. The reaction of active nitrogen wi th germanium tetra-

chl.oride is assumed to be similar to that w.ith boron trichloride. 

A small aJIDunt of chlorine was recovered, but no depoait could 

be seen on the walls of the reaction vesael. 

5. In the reaction between active nitrogen and germane, 

6. 

there were no volatile, condensable producta. The on~ product, 

besides hydrogen, was germanous nitride, which was deposited 

on the walls of the reaction vessel. The amount of ger.mane 

destroyed :increased by 50% when the temperature was raiaed from 

100° to 200°C. 

To explain the resulta obta:ined for the active nitrogen -

germane reaction, it ia assumed that nitrogen atoms abatract 

hydrogen from gennane molecules and germanium hydride radicala, 

leading ult:i.mately to the formation of gennanium atoms and 

GeN. Stable gennanous nitride may then be fo:nned by a reaction, 

proba.bly at the wall, involving GeN and germanium atoms. 

Anather possible explanation for the initial step in the 

reaction is that an excited nitrogen m:>lecule causes dissociation 

of a gennane IOOlecule by energy transfer. 

Although the reaction of active nitrogen with boron 

t ri.chlori.de and wi. th germane may both be expla:ined by asatuning 

reaction of excited nitrogm molecules, no proof of the exist

ence of such a reactive apecies in active nitrogen was obtained 

in these experimenta. 
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APPENDIK 

In Table VI are listed the heats of formation of the compounds 

and radicals involved in the reactions discussed, and in Table VII 

are listed some bond dissociation energies. References are given for 

values obtained from the literature, but the other values were calcul-

ated from the equations 

and 

Heat of reaction:: (sum of heats of fonnation of the 
products) - (sum of heats of fonnation of the reactants) 

Heat of reaction -= (sum of bond energies of the bonds broken) 
- (sum of bond energieS' of the bonds formed). 

Since no values could be found for germane, the average bond 

energy was taken as 70 kcal., slightly lower than the value for silane, 

76 kcal. (100), because germane is less stable than silane. 
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TABLE VI 

HEATS OF FORMATION 

b.Ht 

keal.. /mole SO.uree 

BC1
3 -97 (96) 

BC1
2 -17 Cale. 

BCl 44·5 Cale. 

BN 90.6 (97) 

GeC1
4 

(g) -ill Cale. 

Geel 32.6 (97) 

Ge(g) 91.5 (98) 

GeH
4 """20 

GeH
3 ""'43 Rough estimates 

GeH2 -55 

GeH 66.8 (98) 

NH 72.6 Cale. 
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TABLE VII 

BOND DISSOCIATION ENEIDIES 

D 

kcal./mole Source 

BC12-c1 108 (99) 

BCl-Cl 90 Cale. 

B-el 117? (100) 

B-N 155.5 Cale. 

E (Gec1
4

) it 81 (lOO) 

GeCl 87 Cale. 

E (GeH4)* ,..; 70 

GeH3-H ,..., 75 Rough 

GeH
2

-H -64 estimates 

GeH-H ,.,.. 64 

Ge-H 76 (98) 
N-H 92 (101) 

Cl-cl 57 (100) 

*Average bond dissociation energies 
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