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INTRODUCTION 

DESCRIPTION OF THE PHENOMENON 

The term "Vapour SnakeD was first associated with a 

rather unusual phenomenon by Phibbs and Schiff (1). This 

phenomenon was reported to occur upon the immersion of an 

ampule of pure degassed cyclohexane in a dry ice-acetone 

treezing mixture. A solid crust first formed on the sur­

face of the liquid, while a thin sheath of glassy solid 

appeared below the liquid level next to the walls of the 

ampule - the rest of the cyclohexane remaining li~uid. 

Then a small vapour bubble appeared directly below the 

crust and developed into the form of a thin snake-like 

tubule which extended rapidly into the liquido The tip 

of the "snake" travelled throughout the liquid, changing 

direction upon meeting an obstacle and thereby leaving 

an interwoven trail. Meanwhile, the liquid gradually 

solidified from the walls of the ampule 80 that the 

interwoven trail of the "snake" became incased in the 

glassy solide 

The ·snake" continued to travel as long as there was 

sorne liquid left. Visible crystallization occurred at 

the walls of the "snake" about lem. behind its tip and 

extended slowly outwards to the glassy solide 

The "snake" was described as a vapour tubu~e defi-
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nitely hollow over its entire length. It travelled at a 

rate of about 3 cm. per second. 

The phenomenon was reported to be very sensitive to 

slight traces of air; the introduction of a small air 

bubble àompletely destroyed the effect and resulted in 

spontaneous crystallizationo 

~he occurrence of the phenomenon in a few other com­

pounds was investigated by Phibbs and Schiff. Neopentane 

showed the effect but the crust was often blown off be­

fore the "snake" had travelled any distance. Some suc­

cess was also obtained with benzene and tertiary butyl 

alcohol, but the "snake" moved mueh slower in both cases 

and èrystallization occurred at other points besides the 

liquid-vapour interface . Straight chain hydrocarbons 

simply froze by crystallization, eag a decane, and asym­

metric compounds formed glasses only. e ogo 3-methyl pen­

taneo 

Seki (2) (3} has also observed the phenomenon in 

cyclohexanol and carbon tetrachlorideo His observations 

were somewhat different from those of Phibbs and Sehiff 

on two counts. First v he reported the presence of a 

large hole in the crust by which the tubule is in contact 

with the vapour above the crust. This is clearly shown' 

in the drawings accompanying his initial communication 

(2}o Secondly, in his description of the phenomenon he 



stated that the crust formed from the periphery inwards 

and that the "residual gas seemed to burrow a tunnel in 

the liquid"o 
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Phibbs and Schiff proposed that the unusual phenome­

non be attributed to the high vapour pressure oftne com­

pound at its melting point (cao 35 mm. for cyclohexane at 

6.4 0 C) along with the ooserved fact that crystallization 

tended to take place only at a liquid-vapour interface in 

the absence of dissolved gaseous impurities. As evidence 

for the latter they presented the observation that only a 

clear~ glassy solid was produced when gradual cooling was 

applied from the bot tom or when the samplewas confined 

in a sealed tube and subjected to a hydrostatic head of 

40 mm Hg (so that no vapour could be formed)o 

They described the process in the following sequenceo 

Upon cooling the sample, crystallization occurs at the 

surface. Further contraction of the liquid by cboling 

causes a vapoar bubble to form below the crust and as 

c~ystals form around this bubble, heat of fusion is lib­

erated which causes further vaporizationo The increase 

in pressure then forces the vapour into a tubule which 

is propagated through the supercooled liquid by the re­

peated cycle of crystallization and vaporizationo Since 

the "snake" travels rapidly through the viscous liquid 

it is not curved up by buoyant forces and is sharply 
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retlected trom obstacles at any but small angleso 

Due to the fact that the "snake" appeared to be 

propelled. by a considerable force they favoured a vapour 

mechanism, the pressure being probably highest at the tip 

of the "snake" which would therefore be pushed forwards 

as if jet-propelled. 

They concluded that the phenomenon should also occur 

in other symmetrical compounds which possess high vapour 

pressures at their meltlng pointso 

Seki (31, noting the low vapour pressure at the 

melting point of the two compounds (cyclohexanol and car­

bon tetrachloride) in which he observed the phenomenon» 

maintained that a high vapour pressure at the melting 

point is not a necessary condition and suggested a con­

nection between its occurrence and the formation of plas­

tic crystals. He also pointed out that by rapidly cool­

ing these substances below their respective solid-solid 

transition point a polycrystalline state is obtained 

without intermediate "snake" formationo 

In a subsequent communication a different explana­

tion was offered by Frank (4)0 He agreed with Phibbs and 

Schiff that a high vapour pressure at the melting point 

is required but suggested that the tact that crystalli­

zation tends to take place at the liquid-vapour interface 

in the absence of dissolved gaseous impurities was not a 
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contributory cause of the phenomenon, but rather a paral­

lel effect of the same cause. 

Although he conceeded the theoretical possibility of 

an oriented layer of molecules at the free surface of a 

liquid which ahould nucleate the solld more rapidly than 

the different kind of orde~ in the body of the liquid, he 

concluded that freezing occurred more readily at the free 

surface because the temperature is lowest there~ He t ;hen 

proceeded to explain the "Vapour Snake" phenomenon by a 

vapour heat transfer mechanism. The transfer of vapour 

into and through the cavity provided a mechanism of heat 

conduction additional to that through the solid sheath at 

the walls, which alone would apply when the tube is not 

cooled above the liquid surface. 

He interpreted the sequence of the phenomenon as 

follows. The rapid evaporation of liquid from the free 

surface to the cooled upper walls causes the surface to 

freeze immediatelyo Simultaneouslyj a thin sheath forms 

at the walls: but this sheath grows in thickness less 

rapidly then the upper crust since the heat of solidifi­

cation of the latter is carried away by vaporization to 

a mu ch larger area of glass walls. Once a solid crust 

encloses the liquid~ further freezing develops a negative 

pressure which nucleates a vapour bubbleo The vapori­

zation of liquid to fill this cavity with vapour removes 
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suffieient heat to freeze a skin of liquid 1/1000 of its 

radius in thickness o In addition vapour transfer in the 

cavity is accompanied by a heat transfer from from the 

warmer to the cooler points on its surface e The tubule 

behaves as a conductor of heat by the transfer of vapour 

to the crust where it condenses o The heat thus liberated 

at the crust is further transferred to the upper walls of 

the ampule by evaporation of solid at the free surfacee 

According to Frank~ the rate of increase of the 

volume of the cavity is determined by the rate of removal 

of heat of fusion through the glass walls divided by the 

latent heat of fusion and multiplied be the contraction 

on freezing. On this basls he concluded that an ampule 

of different size and shape would give "snakes" of dif­

ferent diameter but of the same rate of increase in 

lengtho 

He considered the rate of advanee of the "snake" as 

a linear crystallization velocitY9 and 9 as such~ it ap­

peared that a "record" of 3 cme per second in measured 

crystallization velocities had been established o 

Frank concluded that the requirements for a weIl 

developed "Vapour Snake" phenomenon would appear to be a 

fairly high vapour pressure at the melting point~ a high 

crystallization velocity~ a high ratio of the latent 

heat of vaporization to the latent heat of fusion and an 



7 

initial temperature not high above the melting pointo 

From this point of view he maintained that aIl the obser­

vations made by Phibbs and Sahiff were intelligibleo 

PURPOSE OF THE PRESENT INVESTIGATION . 

This investigation was therefore undertaken with a 

view to determine the effect of the following factors~ 

1- symmetry of chemical structure, 

2- vapour pressure at the melting point 9 

3- heat and entropy of fusion~ 

4- occurrence of solid-solid transitionso 

In additons, experiments were devised to test the 

predictions derived from the previously mentioned expla~ 

nations. Furthermore the phenomenon was investigated 

under a wide range of experimental conditions to obtain 

as much information as possibleo 



EXPERIMENTAL 

RE AGENTS 

The reagents were obtained from various commercial 

suppliers. They had to be further purified before any 

experiments were carried out. The methods of purifi­

cation varied necessarily from compound to compound and 

depended upon the impurities present. Standard methods 

of purification p described in the literature j were em­

ployed. In addition, some unavailable substances and 

others available in only very impure grades were obtained 

from the supply of pure hydrocarbons of the National 

Research Council at Ottawa. 

APPARATUS 

The apparatus consisted mainly of agas handling 

manifold in which a high vacuum could be maintainedo 

The high vacuum was necessary for complete degassing of 

samples. Final purification was obtained by bulb-to­

bulb distillation, the initial and final portions being 

rejeotedo 

Extreme oare had to be taken to prevent the appa­

ratus from contamination from solid particles suoh as 

those from drying agents or dust particles. Once these 

were present p the apparatus could no longer be used ta 

prepare samples capable of producing the phenomenono 

-8-
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The apparatus then had to be dismantled and thoroughly 

cleaned. To avoid contamination all liquids and gases 

were introduced through fine porosity glass fritted disks 

and were removed in the same !aRhion o 

For the purification of high boiling liquids or so­

lids a small high vacuum gas manifold was constructed in 

a well insulated chomber whose temperature could be 

raised to 3000 0 if necessary . These compounds could then 

be distilled or ~ublimed without localized solidification 

in the apparatus o The movable parts of the apparatus 

were lubricated by a special high temperature vacuum 

grease supplied by Dr . la PUddington of the National 

Research Gouncil at Ottawa. 

When temperatu~e measurements were made in the in­

terior of the ampule a thermocouple was introduced into 

the system through an atmospheric leg of mercury . In 

this way the thermocouple could easily be moved to any 

desired positions within the sample without having to 

disturb the system. A copper-constantan thermocouple 

was used. It was made of No u 32 gauge wire in order to 

minimize the heat capacity and thermal conductivity . 

The portion of the fibrous insulators around the wires 

which had to be immersed into the compound was first 

thoroughly cleaned and then boiled with sorne of the com­

pound in order to prevent any contamination . In addition~ 
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sinee. the insulator around the wires was found to allow 

the diffusion of air into the apparatus, a portion of 

the wires had to be stripped of the insulator, imbedded 

in wax, and plaeed under mereury at a point just before 

the wires entered the vertical leg of mercuryo 



RESULTS 

A list of those compounds which give the phenomenon 

readily is given in Table 1 0 It was observed that the 

higher the triple point pressure of a compound the more 

readily did the phenomenon occuro With none of the com­

pounds having a triple point pressure greater than a few 

mm Hg was it necessary to cool the walls of the ampule 

above the liquid surface. Actually for those compounds 

having a triple point pressure greater than 50 mm Hg 

great care had to be taken to prevent the cooling of the 

upper walls. Otherwise the pressure inside the tubule 

under the crust became so much larger than that above 

the crust that the latter was violently blown off and 

the growth of the tubule interruptedo 

In Table II a few of those compounds in which the 

phenomenon can on~y be made to occur with great diffi­

cult Y are listed~ For those compounds ~ which have a 

vapour pressure at the triple point in the range of 1-2 

mm Hg, it was found necessary to cool the upper walls 

and even to pump on the sample simultaneously to obtain 

the phenomenon. Along with those compounds are listed 8 

sufficient number of other compounds which do not show 

the phenomenon to illustrated clearly which of the fac­

tors previously mentioned determine its occurrence o 

-11-



TABLE l 

Triple llelting Fusion Transi- Transi= 

Compound point point entropy tion tion Comments pressure tempo entropy 
mm Hg oK eu oK eu 

Hexachloro=ethane 760 460 4035 345 702 Very good snakes # 
Hexamethyl=ethane 710 377 405 148 3~2 Very good snakes # 
Camphor 385 453 208 250 706 Very good snakes # 
Neopentane 230 253 300 140 404 Very good snakes # 

ft Ammonia 46 19503 904 000 o 0 0 Very good snakes 
1-' 
ro 2=butyne 44 24009 9016 15308 200 Very good snakes 0 

Bromine 42 26509 4087 ., 0 0 o 0' • Very good snakes 

Terto=butyl alcohol 41 29806 304 o 0 0 o 0 0 Very good snakes 
Oyclohexane 40 27908 2024 1860 CI 8059 Very good snakes 

Benzene 35 27807 8046 000 000 Very good snakes 
Terto=butyl chlorlde 24 24407 200 21903 300 Good snakes 

Carbon tetrachloride 9 25003 203 22507 408 Good snakes 
Naphthalene '1 35304 120'15 o 0 0 ., c 0 Good snakes 

Tetranitro~methane 6 28607 000 o 0 0 000 Good snakes 
Ipl,l~-trichloro-ethane 5 24005 405 22403 500 Good snakes 

# fine temperature control required 



TABLE II 

Triple Melting Fusion Transi- Transi-
Compound point point entropy tion tion Comments pressure tempo entropy 

mm Hg oK eu oK eu 

Trichloro-acetic aoid 1 332 402 000 000 Poor snakes #: 
Phenol 1 313 9 9 806 o 0 0 o 0 0 Poor snakes fi 
Cyclohexanol l 297 104 263 '7045 Poor snakes Il 

8 Chloroform be10w 1 20906 1008 .. 0 .. .. 0 CI No snake formation 
1-' 
UI I-butyne below 1 19209 00" " 0 0 Bo snake formation • " " 0 

Methyl=cyc1ohexane below 1 146,,6 1100 " 0 " " " 0 No snake formation 

Chloro=cyolohexane be10w 1 230 209 218 708 No snake formation 
Cyc10hexene be10w 1 169,,7 406 13807 7,,2 No snake formation 

Cyc10pentene below l 13801 508 87,,1 1031 No snake formation 
Oyo1opentane be10w l 179 008 122~4 906 No snake formation 

Cyc1ohexanone below l 169 406 139 o 0 0 No snake formation 
Toluene be10w l 17709 903 000 o " 0 No snake formation 

Methy1 a1coh01 below l 17503 403 15708 100 No snake formation 
2p2~dimethy1 butane below 1 17201 0064 12704 806 No snake formation 

Il pumping and wall cooling required 
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The results obtained from the different specifie 

experiments carried out will now be summarized. Unless 

otherwise stated these results are general in nature and 

not derived solely from one specific compound 0 

The Role of the Grusto In order to determine 

whether the crust is necessary for tubule formation the 

following experiments were performed: 

1. A sample of cyclohexane was confined over mercury 

so that a closed volume was provided which had no vapour 

space. This sample was immersed into a bath whose tem­

perature was below the freezing point of mercuryo As 

,Boon as the mercury froze, a bubble formed at the top of 

the cyclohexane and developed into a tubule whose be­

havior was identical in every respect to that previously 

described. 

20 Art ampule of cyclohexane was immersed in a freez­

ing bath in the usual manner. However, as soon as the 

crust had formed the ampule was quickly inverted betore 

the bubble had a chance to forma The bubble th en appear­

ed at the top of the sample and produced a tubule which 

made no contact with the crusto 

3. When a sample was allowed to melt after the con­

clusion of one experiment a vapour bubble occasionally 

emerged when the melting surface crossed the tubule, and 

rose to the surface of the liquid. On several occasions 
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it was possible to form a crust by reimmersing the sample 

in the bath just as one of these bubbles was emerging 

from a small amount of remaining solido If the process 

was properly timed a new tubule developed from this 

bubble and grew in the usual manner~ having no contact 

with the crusto At no time was it possible to have two 

tubules developing at the same time in the same liquid 

region. 

Thus it appeared that the sole function of the crust 

is to provide a closed volume for the system. This is 

best illustrated by the first experiment mentioned in 

which no tubule developed as long as the mercury was 

still liquid, the contraction in volume of the cyclohex­

ane in the ampule causing more mercury to flow ino Onoe 

the mercury solidified however~ a further contraction 

in volume due to continued cooling resulted in the for~ 

mation of a bubble which then developed into a tubuleo 

Nature of the Gas Within the Bubble and Tubule o 

These bubbles and tubules have been identified as com~ 

posed of the vapour of the compound and not of foreign 

gas. This was demonstrated by allowing a bubble to form 

in a closed volume~ either under the crust or elsewhere, 

and then warming and cooling the sample alternatively so 

as to prevent the bubble from expanding into a tubule and 

the crust from meltingo Upon warming the sample~ the 
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liquid expanded in volume and the bubble decreased in 

size: when cooled the liquid contracted and the bubble 

again increased in sizeo This variation in volume of 

the bubble could be produced at willo Now~ considering 

the sma11 area of the bubble~ it would be impossible to 

expel and dissolve foreign gases as the above rateso On 

the other hand the liquid could readily evaporate and 

vapour condense to fill or deplete the bubblee 

Temperature Rangeo The phenomenon was found to oe­

eur at all bath temperatures from Ooloe below the melt­

ing point to -196 0 Co The lower limit was of no particu­

lar significance due to radial heat conduction uncer­

taintieso 

For those compounds whose vapour pressure at the 

triple point is of the order of l to 2 mm Hg it was found 

necessary to use cooling baths well below the freezing 

point to form the crust and even some pumping on the 

sampleo Nevertheless the tubule was showA to travel in 

a medium just below the freezing point by thermocouple 

measurementso 

The tubule could travel in a liquid medium up to 10 

degrees above the melting point, as indicated by thermo­

couple measurements, if the removal of heat was rapid o 

On the other hand there was never and indication of any 

super-cooling occurring within the liquido 
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Rate of Travel of the Tubulee For a given ampule 

the colder the cooling bath the greater the velocity of 

the tubule and the smaller its diameteru At a given bath 

temperature a decrease in the diameter of the ampule re­

sulted in an increase in the velocity and a decrease in 

the diameter of the tubuleo 

Velocities varying between 0.001 cm/sec and 5 cm/sec 

were obtainedo These velocities are by no means limiting 

velocities since with a proper bath temperature a tubule 

could easily be stopped in Its path for as long as ten 

minutes before being allowed to develop furthere On the 

other hand the upper limit could not be determined with 

any accuracy sinceat the higher velocities the tubules 

tended to seal themselves. An estimate of the upper 

limit would be approximately 10 cm/sec. It is to be 

noted that the upper limit varied from compound to com­

pound and for those compounds which gave the phenomenon 

only with great difficulty the tubules never travelled 

more than a fraction of a centimeter per second. 

Size of the Tubule o The size of the tubule was 

governed by the rate at which it travelled, the faster 

the rate the smaller its diameter. In the limiting case 

of a bath temperature just below the freezing point the 

tubule grew in a spherical shape» never reaching the 

tubule stage, or a previously developed tubule could be 
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made to grow further into a spherical shape o 

If the ampule was allowed to remain in a cooling 

bath 10 to 20 degrees below the melting point the tubule 

decreased rapidly in size as the velocity increasedo 

Although the tubule would decrease from 5 to 10 times in 

diameter~ it nevertheless did not terminate before all 

the liquid was solidified. From repeated experiments it 

appeared that the product of the velocity and cross sec­

tion of the tubule remained essentially constant. 

Wall Thickness of the Tubule. The sheath surround~ 

ing the bubble from which the tubule develops is initial~ 

ly very thin. This was observed by the ease with ~hich 

the bubble could be made to migrate under the crust in 

experiments where the bath temperature wes only a frac ­

tion of a degree below the freezing point . For lower 

bath temperatures the thickness of this sheath wes found 

to increase rapidly and take on the appearance of a glass. 

Irrespective of the bath temperature, the sheath sur­

rounding the bubble and tubule increased in rigidity with 

time and took on the appearance of a glass. 

White crystals were found to start growing on the 

outside of the bubble sheath once the tubule is formed. 

A similar growth developed on the walls of the tubule at 

a distance of one centimeter from its tip . ~he white 

crystallization did not penetrate the glassy sheatho 
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The existence of the thick walls of the tubule could 

best be seen if the sample was warmed up after the tubule 

had progressed for some distance. The liquid was then 

forced back into the tubule by expansion ~ whereupon wall 

or sheath thicknesses up to l mm. could be observed. 

Upon reimmersing this sample into the bath the liquid 

was again expelled from the tubule which th en continued 

iri Its previous direction. This occurred in preference 

to the formation of a new bubble and new tubule as long 

as some vapour still remained in the old tubule and if 

the time lapse between warming and recooling was not too 

great. 

Previous History of the Sample o The previous histo~ 

ry of the sample was found to have no effect upon the 

phenomenon. A sample of cyclohexane kept at 100°C for 

two months showed the same behavior as one freshly pre­

pared or previously frozeno 

One notable exception 7 however 7 was observed o When 

cyclohexane was kept at less than OoloC above its freez­

ing point for at least one-half hour and then immersed 

in a bath at least 40 degrees below its freezing point 

no bubble ahd tubule developedo Instead1 the crust ex­

tended downwards until the entire sample became an opaque 

mass of small crystalso The growth of the transparent 

glassy solid at the walls of the ampule was not affected 
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however. This may be due to sorne degree of orientation 

attained by the liquid under these conditionso 

Effect of Impuritieso The effect varied with the 

nature of the impuritieso Gases such as air and nitrogen» 

which were not liquid at the temperature of the experi­

ment, when introduced into the ampule at pressures in 

excess of 20 mm Hg prevented the occurrence of the phe~ 

nomenon. The presence of small traces of these gases 

resulted in the formation of an opaque solid instead of 

the transparent, glassy solid at the wells of the ampule o 

More than one percent by volume of miscible liquids, even 

those which produce the phenomenon themselves, caused 

crystaIIization to occur throughout the sample 1 instead 

of tubule formationo The presence of small traces of 

liquid impurities caused an opaqueness similar to that 

brought about by traces of non-condensible gaseso 

Trace amounts of solids, irrespective of their 

chemical nature~ invariably caused crystallization to 

occur without tubule formationo Under these conditions 

super-cooling readily occurred and then the liquid would 

completely solidify, the particles serving as nucleating 

centers. 

Appearance of the Grust. The character of the crust 

varied according to the cooling rate. If the cooling 

bath was only a few degrees below the freezing point the 
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crust was transparent and free of polycrystalline solid 

at first. It appeared to be subjected to some tension, 

for it slowly developed cracks or fissures from which 

white crystallization proceeded. Rapid cooling always 

produced a large amount of white crystallization which 

grew downwards. The walls of the tubule behaved exactly 

as the crust. On the other hand the glassy solid formed 

et the walls of the ampule remained transparent during 

the entire course of the experiment and wes never accom­

panied by white crystallizationo 

When the glassy solid was cooled at liquid air tem­

peratures it developed numerous fissures, accompanied by 

sharp noises which indicated a considerable volume changeo 

This was most noticeable when only the glassy solid was 

formed by cooling below the liquid-vapour level and thus 

preventing tubule and white crustallization from develop­

Ingo This glassy solid, upon melting slowly, did not 

liberate gaseous bubbles as did the white sOlid, and its 

presence in the liquid did not prevent tubule formation 

upon further cooling. 

Presence of a Hole in the Crusto In the case of 

benzene a small hole was noticed in the crust directly 

above the origin of the tubule. The size of the hole 

increased with increasing cooling rates. Smaller holes 

were also noticed in some other compounds whe4 the rate 



of cooling was sufficiently rapid o It must be pointed 

out here that these holes were not necessary for the 

occurrence of the phenomenono This was readily deilloD~ 

strated by simply shaking the ampule after the bubble 

had formed under the holeo The bubble would then hlove 

away from the hol~ to another position under the crust 

and the tubule could then be made to develop in the 

usual mannero 
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In the case of benzene this led to two variations 

of the phenomenono It had been observed during sorne 

experiments with benzene that sometimes part of the 

liquid rose through the hole and flowed over the top of 

the crust during warming of the ampuleo Upon further 

inves~ig~tiori it was "found possible to reproduce this 

at will under specific experimental conditionso 

First the crust was formed and the tubule started 

in the usual mannero After the tubule had developed for 

a few centimeters, and while its tip was still pointing 

downwards, its growth was interrupted by removing the 

ampule from the bath. Once the tip of the tubule had 

burst open and the liquid had started to receed back 

into it, the lower part of the ampule was rapidly warmed 

up by holding it in the hand, ta king care not to warm 

the region near the crust. In this fashion a pressure 

was developed in the closed volume under the crusto 



23 

The crustbeing s~ill rigid and strong~the pressure was 

relievedr by the liquid rising through the tubule and 

overflowing unto the crust. Depending on the rate of 

warming of the lower part of the ampule, which governed 

evaporation under the crust, the rise of liquid pro-' 

ceeded slowly or like a gusher. Up to half the li1Uld 

could be made to rise above the crust at rates up to 5 

milliliters per second. 

The resulting system consisted now of two liquid 

layers interconnected by the previously formed tubule and 

the upper one supported by the old crusto The two layers 

were separated by a vapour layer for if the ampule was 

slightly cooled the liquld above the crust flowed back 

under the crust through the tubule as the pressure was 

decreased there. The upward flow of liquid obviously 

stopped when the vapour pressure above each liquid layer 

became equalized. 

When this two liquid-layer system was immersed in a 

bath about 10 degrees below the freezing point two new 

crusts formed and under each one a bubble appeared from 

which a normal tubule again developed. During the entire 

process the first tubule remained intact. 

It was even possible to repeat tbis procedure twice 

in succession on the same sample, thus obtaining four 

liquid layers joined by three tubules and then to develop 
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four tubules simultaneously, one in each liquid layer. 

These experiments very well illustrated the rigidity and 

thickness of both the crust and the walls of the tubuleo 

They also demonstrated that any type of closed volume 

was sufficient to bring about the occurrence of the phe­

nomenon, and that only one tubule developed in each 

closed volume. 

A Similar Phenomenon in the Vapour Regiono This 

variation was most spectacular with benzene, but could 

be obtained to a lesser degree ~ith other compounds which 

gave the phenomenon readilyo 

In benzene it could readily be obtained by employing 

the following procedure. The ampule containing the pure 

degassed benzene was immersed in a bath at about -10°0 

until the tubule started downwardso The ampule was then 

immediately removed from the cooling bath and kept in air 

at room temperature to warm up slowly (best results were 

obtained if the tubule was stopped while still in its 

downward path). The moment the solid, formed by distil­

lation from the liquid surface to the walls of the ampule 

above the crust, started to melt and flow dwonwards, the 

ampule wes immediately immersed in a cooling bath at 

-200 0 {at lower bath temperatures the phenomenon was too 

rapid to be observed)o Then either one of two things 

was observed to t~ke place:- a tubule started to trave1 
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upwards from the hole in the crust~ or the liquid simply 

syphoned upwards. With care~ an upwards travelling tu­

bule could be obtained on the average of about once every 

second trial. 

The upwards travelling tubule is identical to the 

tubule formed in the liquid medium, except that it is 

originally filled wit~ llquid iftstead of vapour. It 

always started as the hole in the crust and had rigid, 

transparent, glassy walls at first~ although they rapid­

ly became coated with white crystallization. It changed 

direction upon meeting a solid obstacle and at the end 

left" a solid interwoven pattern above the crust. 

Because of the rapid cooling rate required, the 

tubule could never be made to travel at a rate less than 

one centimeter per second. During its growth it always 

gained speed rapidly, ending up with velocities probably 

weIl in excess of 10 cm/sec. Greater velocities would 

probably have been attained if it were not for the fact 

that the tubule terminated between 2 to 5 seconds after 

starting when its tip became sealed. As much as 10 cc. 

of the liquid could be used up in a few seconds as indi­

cated by the empty space under the crust at the end of 

the experiment. This liquid was transported through the 

solia tubule which was still hollow at the end of the 

experiment. 



prsCUSSION 

PROPERT~S OF COMPOUNDS GIVING THE PHENOMENON 

From the observations recorded in Tables l and II it 

is evident that the vapour pressure at the triple point 

is of critical importance. Thus, compounds with a vapour 

pressure in excess of 50 mm Hg give the phenomenon with 

great ease, but the difference in pressure below and a­

bove the crust must be regulated by a fine temperature 

control, or the crust is simply blown off. Compounds 

with a vapour ?ressure in the range of 30-50 mm Hg give 

very good tubules. It is in this vapour pressure range 

that the second phenomenon could also be made to occur 

above the crust. In the vapour pressure range of 5-30 

mm Hg good tubules are still obtained~ but they cannot 

be made to travel as fast as those with compounds having 

higher vapour pressureso 

Compounds with a vapour pressure of 1-2 mm Hg still 

manifest a tendency to give the phenomenon. For these, 

the tubule travels so slowly that in fact only a central 

cavity or hole is left after the upper portion of the 

liquid is solidified by rapidly cooling and pumping, 

while the volume contraction takes place . Compounds with 

vapour pressures below l mm Hg cannot be induced to form 

a crust under any set of experimental conditions. 

-26-
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This contradicts Seki's (2) (3) contention that a 

high vapour pressure at the triple point is not a neces­

sary condition for the occurrence of the phenomenon. It 

may be pointed out that his description of the phenomenon 

in his first communication is similar to that found for 

compounds in the range of 1-2 mm Hg of vapour pressure o 

These compounds did not produce good tubules, irrespec­

tive of the experimental conditons o 

Furthermore, it was found that there ls no connec­

tion between the formation of plastic crystals and the 

occurrence of the phenomenon as was suggested by Sekio 

Plastic crystals, according to Timmermans (5), are pro­

duced only by those compounds which have low entropies 

of fusion and relatively high entropies of transitiono 

However, no allotropie forms of benzene have been re­

ported in the numerous and precise determination of the 

heat capacity of this compound below its freezing pointo 

Nevertheless, benzene gives the phenomenon readily. 

Upon examination of Table l it is readily seen that 

the compounds which have high vapour pressures at their 

triple point may be subdivided into two groups. The first 

group corresponds to those which give plastic crystals; 

they have relatively low entropies of fusion and high 

entropies of transitiono The second group comprises 

those compounds which have high entropies of fusion, 
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between two to five times higher that those of the first 

group, and no transition points, or, if a transition 

point is known, the entropy of transition is low compared 

to the fusion entropy. 

On the other hand compounds like cyclohexene, cyclo­

pentane and others listed in Table II have transition 

points and form plastic crystals, but since their vapour 

pressures are too low they do not give the "Vapour Sanke" 

phenomenono 

In add~tion to high vapour pressures at their triple 

point, the compounds which show the phenomenon have ap­

parently only one other property in commono Their mole­

cules are more or less spherical in effective volume and 

were given the designation of "globular molecules" by 

Timmermans (6) who carried out a diversified study on 

these molecules. Thus a Aigh degree of physical symmetry 

leads to a high vapour pressure at the triple point with 

or without the formation of plastic crystals. 

A detailed study of the physical symmetry was under­

taken by van de Vloed {7}o He arrived at the conclusion 

that a chlbrine atom was identical to a methyl group in 

so far as similar physical properties are concerned from 

a study of carbon tetrachloride and tert-butyl chloride 

for instance. Both these compounds show a similar 

"Vapour Snake" phenomenoD. Van de Vloed also showed 
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how easily this volume symmetry could be destroyed by the 

substitution of a methyl group or a chlorine atom for an 

atom of hydrogen in cyclohexaneo Correspondingly it was 

observed that while cyclohexane gave the phenomenon, me­

thyl cyclohexane, chloro-cyclohexane and cyclohexene did 

not give the phenomenono Similerly the phenomenon oc­

curred with benzene but not with toluene o Thus substi­

tution of a group of different physical size destroyed 

the physical symmetry and lowered the vapour pressure 

sufficiently to prevent the occurrence of the phenomenono 

MECHANISM OF TUBULE FORMATION AND PROPAGATION 

A simple mechanism for the formation and propagation 

of the tubule can be formulatedo Removal of heat from 

the system causes a volume contractiono If the volume 

of the system is fixed, either by forming a crust above 

the liquid by rapid distillation or by other means, this 

contraction produces a negative pressure sufficiently 

large to yield a cavity which takes on the shape of a 

bubble for minimum surface energy. This bubble is im­

mediately filled with vapour at a pressure equal to the 

vapour pressure of the liquido Because of the high 

triple point pressures of these compounds, considerable 

mass transfer will occur from the liquid to the vapour 

phase per unit change in volume of the liquido Since 

the heats of evaporatiort of these compounds are normal p 
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while their heats of fusion are low, this large mass 

transfer will result in solidification at the liquid­

vapour interface, if the temperature of the liquid is 

near the freezing point. Consequently, the vapour bub­

ble will become incased in a solid sheath. 

If the cooling is rapid the contraction per unit 

time is large and evaporation will proceed faster. This 

results in a greater cooling rate at the liquid-vapour 

interface which leads to a much faster solidification of 

the sheath surrounding the bubble. In addition the 

transfer of vapour within the bubble from the liquid to 

the cold spot, whether it be the crust or the walls of 

the ampule, is accelerated due to the greater tempera­

ture gradient present on more rapid cooling. 

As contraction of the liquid continues the bubble 

must grow further since it possesses a positive pressure o 

It is prevented from growing spherically by the acquired 

rigidity of the sheath and therefore develops in the 

direction of the weakest part of the sheath -- that which 

has been formed last and is farthest away from the cold 

surface where the bubble is located. Renee, it will grow 

in the form of a tubule, expanding only at its tipo 

It will travel at a rate governed by the rate of 

volume contraction and by the rate of vapour transfer 

within the tubule to the cold spots at the cr~st and on 



31 

the walls. The increasing velocity of the tubule accom­

panied by a decrease in its diameter during the course of 

its development cannot be accounted for by an increase 

in the rate of volume contraction. Hp to a fivefold in­

crease in the velocity of the tubule could be detected 

while the temperature of the liquid decreased only by a 

few degrees and the rate of freezing remained essentially 

constant. 

An increase in velocity after a few seconds can be 

explained only by the fact that as the tubule acquires 

more cold spots, more vapour is condensed and sOlidified, 

resulting in an increase in the vapour transport within 

the tubule. The cold spots of the tubule, either at the 

walls or at the crust, are the only points where a large 

temperature gradient exists between the tip of the tubule 

and the cooling medium. Thus, as the vapour transfer 

becomes more rapid, more vaporization must occur at the 

tip of the tubule to maintain the pressure equilibrium 

between the liquid and the vapour region withih the tu­

bule. In so'doing, the cooling rate at the tip of the 

tubule is markedly increased, causing the walls to solidi­

fy more rapidly and thereby expanding to a smaller dla­

meter. This ls in agreement with the constancy of the 

product of the tubule velocity and cross section observed 

for a given cooling rate. In addition, it Boints out 
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that the heat conduction through the liquid is negligible 

compared to the vapour heat conduction. 

The same explanation applies in the cases where a 

hole was noticed in the crust, since the liquid is still 

confined to a closed system. The occurrence of the simi­

lar phenomenon in the vapour phase above the crust is 

thereby also explained, remembering that here we have 

liquid conduction through the tubule due to the large 

pressure gradieht purposely developed to supply the large 

amount of material required to form the walls at the 

rates previously mentioned. 

EXISTENCE AND ROLE OF THE VAPOUR CONDUCTION MECHANISM 

In the formulation of a mechanism for the phenomenon 

it was found necessary to postulate a vapour conduction 

process in addition to the simple evaporation of liquid 

to fill the volume contraction. Simple calculations show 

that the thickness of the sheath whic~ would be formed if 

the first process was not operative would be quite small o 

Thus, if we consider that the heat liberated by fusion is 

removed by simple evaporation we have: 

w. L1' _ Wv Le (1) 

where Ws and Wv are the weight of solid and vapour formed, 

Lr the latent heat of fusion and Le the latent heat of 

evaporation. 

Assuming that th~ sim.ple.. gas law is applicable at 
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these low pressures, we have: 

w .. = VvPM -RT 
(2 } 

where Vv is the volume of the vapour, P the vapour pres­

sure, M the molecular weight of the vapour, R the gas 

constant and T the freezing point. Since the volume of 

the vapour must equal the volume of the spherieal bubble, 

equation (2) becomes 

Wv - ( 3) 

where r is the radius of the bubbleo 

Now the weight of the solid w. equals th.6 density 

of the solid, d, multiplied by the volume of the solid, 

Vs. The volume of the solld constitutes thé volume of 

the sheath of the bubble, and sinee the volume of a thin 

spherical shell of thickness t is given by the formula 

V she11 = 4lT r 2t we have: 

(4) 

Substituting the values of Wv and ws,from equatlons 

(3} and (4) respectively, into equation (l) we have: 

and rearranging equation (5) to obtaln t 'we have: 

t 
rMPLe 
3dR~t 

(51 



The thickness of the sheath for a bubble of l mmo 

radius in cyclohexane would be 00001 mmo ror a tubule 
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of the same radius the sheath would be even thinnero 

Although the sheath may be as thin as this at the tip of 

the tubule it is thicker a short distance behind the tip. 

The average thickness being somewhere between 0.5 and 

1.0 mm. Since it has been shown that the liquid need 

not be supercooled, the tubule being capable of travel­

ling through the llquid at or near the freezing point 

and even through a liquid whose ~emperature is as high 

as 10 degrees above the freezing point, additional heat 

cannot be removed by conduction through the liquid~ The 

only other possibility is transport of heat by the vapour 

as was suggested by Frank (4)0 As was pointed out in the 

formulation of the mechanism such a heat removal process 

accounts for the differences observed in the phenomenon 

under slightly different experimental conditionso 

The conduction of heat by the vapour does not neces­

sarily have te take place te the crust and thence to the 

upper walls as was presuppesed by Frank~ The conduction 

may take place to any portion which is below the freezing 

point of the liquid and actually proceeds to more and 

more spots as the tubule makes more and more contacts 

with the walls and crust during its travels. Thus in 

experiments land 2, described on page 149 the tubule 
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originated at the glass walls and did not come into con­

tact with a crust. In experiment 3~ also described on 

page 14~ the tubule may have had a very thin sheath untl1 

it approached the glass wall where it would ac~uire a 

cold spot. When the rate of cooling was increased» by 

using a colder bath or a narrower ampule~ the velocity 

of propagation increased because of the faster contrac­

tion while the diameter of the tubule decreased because 

of the rapid sheath or wall formation due to a more ef­

ficient heat conduction over a greater temperature gra­

dient. 

CRYSTALLlZATION VELO CITY AND TEE PEENOMENON 

The main discrepancy between Frank vs explanation and 

the observations made during the course of this investi­

gation lies in the velocity of propagation of the tubule. 

Frank argued that the tubule cannot travel at a rate 

greater than the linear crystallization velocity of the 

material. On this basis he predicted that a change in 

diameter of the ampule would not alter the velocity of 

the tubule. This is contrary to what waB observed o In 

actual fact the size of the tubule for any given rate of 

volume contraction is governed solely by the rate at 

whlchvapour is . transfered to the cold spots at the walls. 

This was shown by the speeding up of the tubule after 

several cold spots had developed while the temperature 



36 

of the liquid had decreased only by a few degrees. 

Moreover he stated that the previously reported 

velocity of 3 cm/sec constituted a new "record" for 

crystallization velocities. The present observations, 

in the case where the tubule wes made to travel in the 

vapour reg~on, would on this basis better the record by 

at least another factor of five. Actuelly the present 

observations indicated that the true crystellization 

velocity wes not much greater tha~ the rate at which the 

crystals grew downwards from the crust or the rate at 

which they grew fromthe walls of the tubuleo None of 

these rates ever exceeded 1 mm/sec. 

The formation of crystals directly after a fresh 

liquid-vapour surface wâs produced, namely under the 

crust and at the walls of tubule one centimeter behind 

its tip, may perhaps be taken as evidence for nucleation 

preconditioned b~ aliquid-vapour interface . This could 

also be due to the fact that a layer of cooled liquid is 

formed on the outside of these solid surfaces by evapo­

ration of liquid to form them. Crystallization would 

then rapidly follow the tip of the tubule but would pro­

ceed at normal rates in a perpendicular direction to the 

direction of propagation of the tubule. This latter 

growth represents the true linear crystallization velo­

city while the former is somewhat similar to the in stan-
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teneous crystallization obtained in a supercoo1ed liquid p 

a film of supercooled liquid being formed during the 

rapid evaporation accompanying wall formation p 



SUMMARY 

1 - A simple mechanism was formulated for the formation 

and propagation of the tubule observed in this phe­

nomenon o 

2 - The following facts were established: 

a) a closed volume for the system is required, 

b) the cooling temperature must be a fraction of 

a degree below the freezing point or lower, 

c) the rate and size of the tubule where shown to 

be governed by the rate of cooling and the size 

of the ampule containing the sample p 

d} the tubule was shown to be hollow, rigid, and 

filled with vapour of the compound under study~ 

e} the compound had to be pure and degassedo 

3 - The only property of compounds essential for occur­

rence of the pheno~enon was shown to be a high vapour 

pressure at the triple pointo This property is di­

rectly related to the degree of spherical symmetryo 

4 - There is no apparent correlation between the rate of 

propagation of the phenomenon and linear crystalli­

zation velocities o 
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INTRODUCTION 

CHARACTERISTICS OF ACTIVE NITROGEN 

Production 

During the latter part of the nineteenth century 

considerable work was done on the effects of the passage 

of high voltage sparks through gases~ By me ans of induc­

tion coils afterglows were produced which, as the name 

implies, lasted for some length of time after the dis­

charge was turned off. In 1865, Morren (1) was success­

ful in producing an afterglow which lasted up to one 

minute in a mixture of nitrogen and oxygen containing 

traces of sulfur dioxide. Same thirty years later, Lewis 

(2) proved that this afterglow was a characteristic pro­

pert y of nitrogen by correlating its spectrum to that of 

pure nitrogen. 

Burke (3) was the first one to show that an after­

glow identical to the one obtained by the condensed dis­

charge could be produced by an electrodeless discharge. 

In the following years both methods of excitation were 

used in numerous experiments carried out on active nitro­

gen. At first the electrodeless or uncondensed discharge 

was used very little sinee it produeed but a feeble 

afterglow, but as the method was improved it beeame more 

prominent. It was used sueeessfully by Kaplan (4) (5) 
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for the production of nitrogen afterglows as well as 

auroral afterglows o Knaus and Murray (6} later showed 

that the spectrum of the afterglow obtained by Kaplan 

was similar to the spectrum of the afterglow produced by 

the condensed dischargeo 

In 1937, Willey (7), in some studies on nitric oxide 

arrived at the conclusion that impulse discharges and 

high frequency discharges are more effective than A.Co 

or D.C. discharges, provided the pulses are of the proper 

duration so that the precursor of the active constituent, 

or the active constituent itself can be withdrawn from 

the discharge region before the next pulse. This was 

apparently the case for the nitrogen afterglow, since 

the use of a secondary weak discharge coupled with the 

main discharge did, according to sorne earlier work of 

Willey (8) and Strutt (9}, decrease the intensity of the 

afterglow. Similar results have been reported by other 

investigators, but a thorough investigation of the 

problem has never been carried out. 

In all the work on active nitrogen very little 

attention has been paid to its production. In most 

publications, except for a few like those of Lord 

Rayleigh, it is impossible to determine the way in which 

the nitrogen was activated, no mention being made of the 

type of electrical circuit used nor of the type of 
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vessel in which the -activation was proœoted. For an 

illustration of the possible variety in these, the reader 

is referred to Lord Rayleigh's publications in which 

abundant sketches and descriptive information are-to be 

found. 

In the early work on active nitrogen a controversy 

developed as to whether or not it was possible to obtain 

an afterglow in highly purified nitrogen. The effect of 

impurities, especially traces of oxygen, on the pro­

duction of the afterglow received considerable attentiono 

Lewis claimed that traces of oxygen were required for 

the production of the afterglowo Strutt (lO}, on the 

other hand, concluded that small amounts of oxygen were 

not necessary since nitrogen purified with phosphorus 

gave the glow. In the absence of oxygen, Koenig and 

Elëd (11) reported a longer and more intense afterglowo 

Tiede and Domcke (12}, in direct contradiction, showed 

that the introduction of oxygen in glowless nitrogen 

caused the afterglow to reappearo 

Even when the investigators repeated the experi­

ments in each other's presence different results were 

obtained and no satisfactory explanation could be given 

(13). In subsequent work, Strutt (14) found that traces 

of oxygen were required to obtain a strong afterglowo 

A similar effect was observed for any foreign gaSo 
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Sponer (15) proposed that traces of oxygen or other 

foreign gases act as a poison by adsorption on the glass 

walls as does water in the case of monatomic hydrogen~ 

The catalytic effect of the walls was subsequently in­

vestigated by Herzberg (16)0 He found that the afterglow 

was short lived in baked out vessels and upon the intro­

duction of foreign gases its duration was restored to 

normal. This was confirmed by Lewis (l?}. Kaplan (4) 

was later successful in using the adsorption of oxygen 

on the walls as a poison in a continuous flow systemo 

The procedure consisted simply of maintaining an air 

discharge in the apparatus untll the blue-green color of 

NO developed and then continuing the discharge for a few 

hours. After several repetitions a good afterglow was 

obtained. This method of poisonning has been used subse­

quently by other investigators and found satisfactory (6)0 

Lord Rayleigh, in later experiments (18), obtained 

some evidence that oxygen must act as a wall poison by 

showing that it definitely hindered the glow in a nitro­

gen stream where the wall effect was eliminated. This 

he demonstrated by producing an afterglow in the center 

of a vessel and letting it diffuse to the walls. By 

maintaining the pressure sufficiently high,the afterglow 

"streamers" were prevented from actually coming in contact 

with the wellso Under these conditions the introduction 
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of oxygen in the nitrogen stream reduced the length of 

the "streamers" by a factor of ten~ as illustrated in his 

drawings, but did not destroy it completelyo 

In more recent experiments~ Reinecke (19} has shown 

that the introduction of oxygen or other foreign gases~ 

in addition to intensifying the glow, produced marked 

changes in the intensity distribution of the bands 

emitted by the afterglowo This will be discussed more 

thoroughly latero 

Thus it appears that the foreign gases affect the 

afterglow in at least two ways~ One being the hetero­

geneous conditioning of the walls and the other some 

homogeneous interaction with the nitrogen itself~ 

In the production of active nitrogen the walls are 

generally poisoned with sulfuric or phosphoric acid and 

sometimes with oxygeno Furthermoreptraces of foreign 

gases are generally added to obtain a more intense after­

glow. These steps are taken to obtain a more intense 

and longer lived afterglow, but are not necessary for 

the production of active nitrogen. 

Physical Properties of the Nitrogen Afterglow 

It is distinguished from other afterglows by its 

exceptionally long durationc Lord Rayleigh was able to 

maintain a visible afterglow in an isolated vessel coated 

with metaphosphoric acid for as long as 51 hours (20)0 



Other investigators have observed 15-minute afterglows 

without too much difficulty. 

The increase in brightness of the afterglow upon 

cooling, first observed by Strutt (21) in his unsuc­

cessful search for a new component in active nitrogen, 
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is also remarkable o The increase in brightness is always 

accompanied by a shortening of its duration. On the 

other hand, Cario and Ca plan (22) reported that the after­

glow disappeared upon heatingo It was later pointed out 

by Okubo and Ha~ada (23) that only very impure active 

nitrogen lost its afterglow completely upon heating,since 

pure active nitrogen,even when heated to 650 0 C,still 

glowed weaklyo Okubo and Hamada also observed a decrease 

in the afterglow when active nitrogen was submitted to a 

weak secondary electrical dischargeo This is in agreement 

with Willey's results mentioned previouslyo 

An increase in pressure produced by compressing the 

glowing nitrogen was observed by Strutt (24} to have the 

same effect as coolingo A sudden increase in pressure 

was shown by Knipp and Scheuerman (25) to cause a "flash" 

in the afterglow. This flash travelled much like a wave 

in the afterglow which continued to die out afterwards. 

Quantitative experiments by Lord Rayleigh (26) indi­

cated that the brightness of the afterglow9 upon admission 

of inert nitrogen, increased roughly with the pressure of 
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the nitrogen. Upon compression» the brightness varied as 

1/V3 , while cooling to liquid air temperatures increased 

it some 80 times. 

A correlation between the pressure and temperature 

effects was reported by Debeau (27). He observed that 

at low pressures excitation of the afterglow by an 

electrodeless discharge nearly caused a doubling of the 

pressure without any appreciable wall temperature in­

crease. Upon application of liquid air to less than 1% 

of the area of the system the pressure returned to its 

normal value and the afterglow disappeared, but upon 

slowly removing the liquid air the glow reappeared. 

The rate of decay of the afterglow was investigated 

by Kneser (28) using a simple photometrie method. He 

found that under different experimental conditions such 

as walls, pressure, and dilution with argon his results 

agreed with a three body collision mechanism. The 

brightening of the glow upon introduction of nonactive 

particles, he maintained, quantitatively confirmed this. 

The glow emission process was represented by 

N + N + N2 --+ 2 N2 + hv 

Similar experiments carried out by Willey (291 also 

favored a third order reaction. In additionphe attri­

buted the strong wall effect to adsorption and heteroge­

neous recombination of nitrogen atoms. 



The concept of two species in active nitrogen, one 

beingresponsible for the afterglow and the other for 
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the chemical reactivity, of which mention will be made 

later, was first suggested by Saha and Sur (30). Willey 

(31) later proposed that a low energy species was 

responsible for the chemical reactivity, while a high 

energy species was responsible for the afterglow. The 

existence of a chemically reactive, glowless or dark 

modification of active nitrogen was supported by the 

experiments of Cario and Caplan and those of Willey, 

experiments which however have been disputed by Okubo 

and Hamada as was previously mentioned. 

Thus considerable contradiction, which has not been 

resolved to date, exists in the early work on the physical 

properties of active nitrogen. 

Chemical Reactivity of Active Nitrogen 

The term "active nitrogen" came into use in con­

nection with the afterglow phenomenon because of its 

chemical reactivity. As early as 1911, Strutt (32) 

called it a chemical, active modification of nitrogen~ 

He found it to react with NO to give N02 and with or­

ganic radicals to give HON which was detected by direct 

chemical analysis as well as by the brilliancy of the 

ON spectrum. It was also found to form nitrides with 

metals and nonmetals (10). The reactivity towards NO 



was later often used to determine the activity of the 

glowing nitrogen. 
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Since active nitrogen had previously been shown not 

to react wi th hydrogen (21), the problem was investiga ted 

further by Lewis (33). He was able to obtain traces of 

ammonia only when active nitrogen was mad.e to react lhith 

atomic hydrogen, his results being summarized by the 

following equations: 

N + 3 H .~ NH3 

N + HZ ~ No reaction 

NZ + H ~ No reaction 

where N is used to represent active nitrogen. Similar 

results were obtained by Ewart and Rodebush {34} who 

synthesized ammonium bromide by simultaneously passing 

nitrogen and hydrogen bromide through an electrical dis­

charge. Attempts to find an oxidizable form of active 

nitrogen which would react with ozone were also unsuc­

cessful (35) (36). 

Numerous reactions of active nitrogen with organic 

compounds had been reported in a qualitative manner by 

1938. This led Howard and Hilbert (37) to investigate 

the use of this method as a means of synthesizing nitro­

gen containing compounds. They reacted a few aromatic 

compounds obtaining hydrogen cyanide as a major producto 

Other nitrogen containing compounds were also obtained 
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in appreciable amounts, but since these generally were 

present in a polymerized form, their identification could 

not be made. 

For a decade following this work the investigation 

of the chemical activity of the glowing nitrogen was not 

pursued any further. A systematic investigation of the 

reactions of active nitrogen with the simple hydrocarbons, 

saturated and unsaturated, as well as other aliphatic 

compounds was started recently by Co Ao Winkler and 

co-workers (38) (39) (40). In their experiments they 

also observed the predominance of hydrogen cyanide for­

mation and the lack of ammonia formation. In addition 

they obtained some cyanogen. Mechanisms for the reactions 

were postulated. This was made possible by the detection 

of a variety of additional products in these reactions. 

More detailed mention of this work will be made Iater. 

THEORIIS OF ACTIVE NITROGEN 

Three main theories have been put forward in an 

attempt to expIa in the nitrogen afterglow. They are: 

the ionic theory, the atomic theory and the molecular 

theory. These will now be discussed separately in that 

order. 

Ionie Theory of Active Nitrogen 

In the formation of active nitrogen the role of 

positive ions as precursors of atoms is indicated by 



Okubo's and Hamada 9 s (41) electron impact experiments. 

In these they observed that the production of active 

nitrogen suddenly increased when the accelerating po­

tential of the electrons attained 16 volts, the first 

ionization potentia10f the nitrogen molecule, and 
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increased gradual1y afterwards. Willey (42) pointed out 

that neutralization of the N; ions could readily give 

rise to atoms or excited molecules~ The excited mole-

cules might be reactive~ 

In the ionic theory of Mitra (43), the N2 ions were 

considered to be the active centerso The main reactions 

proposed were: 

K2" (2 E ;) + e + N 2 

where the ordinary nitrogen molecule acts as a third 

body or, 

in which case the energy is dissipated at the walls 

A diagram sbowing the e1ectronic levels of the 

nitrogen molecular states is given in Figure 10 

This theoryrequires the slow neutralization of the 

ions, to explain the observed lifetime of the afterglow, 

which is rather improbableo Furthermore j carefu1 removal 

of all charged particles was shown by Willey and String­

fellow (44) and other investigators not to have any 

effect on the activity of the nitrogeno 
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Worley {45} pointed out that if nitrogen ions were 

the active centers they should be present in large concen­

trations. The N2 bands have never been detected in the 

absorption spectrum of the afterglow, indicating that this 

is not the case. Benson {46}, using a sensitive microwave 

techniqui, found the afterglow to contain electrons but 

no positive ionso 

Atomic Theory of Active Nitroeen 

The recombination of atoms has long been postulated 

as a source of theafterglow (15) (47}o However the 

older recombination theories, such as those of Cario and 

Kaplan (48) {49}, cannot be reconciled with the recently 

determined value of 9076 volts for the dissociation 

energy of nitrogen (50) {51} (52)0 Taking account of 

this, Gaydon (50) suggested that two normal atoms could 

recombine on a potential curve which is either repulsive 

or of low stabilityo The molecules thus formed could 

undergo radiationless transitions {preassociation} leading 

to the stable B3 TTg stateo This mechanism would excite 

the llth and 12th vibrational levels of the B state and 

could thus account for the intensity of these levels 

observed in the first positive bands of the afterglowo 

The difficulty with this explanation lies in the 

short lifetime of a two body collision relative to the 

lifetime or radiation. Reinecke (19), elaborating on this 
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theory, discussed the possibility of a sort of three body 

collision in which an atom is first pictured as colliding 

with a molecule to form a quasi-molecule which could then 

react with another atom. This quasi-molecule would be 

held together by weak van der Waals v forces and would 

thus have a sufficiently long lifetime to permit recom­

binations to the B3 TTg state. Difficulty still remains, 

however, in explaining the relatively strong intensity 

observed for the 6th vibrational level of the B molecules. 

Moreover, it is difficult to see why the recombination of 

atoms by a three body collision on the eround state po­

tential energy curve should be a very slow process. The 

only obvious explanation would require nitrogen molecules 

to be poor collision partners as was actually suggested 

by Reinecke in another connection. 

Thus, from his studies on the effect of foreign 

gases on the nitrogen afterglow, he concluded that the 

intensity distribution of its spectrum should be inter­

preted as an overlapping of recombination processes in 

the triple collisions involving nitrogen molecules, and 

particularly, particles of foreign gases. As an expla­

nation, he proposed that the quasi-molecules formed with 

the foreign gas molecules have a longer lifetime than 

those formed with the nitrogen molecules. 

The presence of atoms in the discharge regian has 
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been established. Herzberg (53) found that the atomic 

arc lines in the red and infra-red regions must be excited 

in the discharge before the afterglow can be producedo 

Bay and Steiner (54) showed that the intensity of the 

afterglow was proportional to the concentration of atoms 

in the discharge which in turn was proportional to its 

capacity. On the other hand Kichlu and Basu (55) showed 

that active nitroeen could be produced by an uncondensed, 

electrodeless discharge in which no appreciable amount of 

atoms could be detected spectroscopically. This renders 

doubtful the complete correspondence between the after­

glow and the presence of atoms in the dischargeo 

Numerous attempts have been made to detect the 

presence of atoms in the afterglow by spectroscopie 

methods. Metastable atoms, which were required in the 

early recombination theo~ies, have been shown by Herbert, 

Herzberg and Mills (56) to be present in too low a concen­

tration to account for the afterglowo They also cri ti­

cized the work of Jackson and Broadway {57} who claimed 

to have detected only Bpi metastable atoms by a Stern­

Gerlach experiment. Anand, Kalia and Rem {58} were 

unable to detect atomic absorption lines in the Schuman 

region. However, Eo Inn (59) has recently obtained 

absorption lines in the vacuum ultra-violet region in 

the nitrogen afterglow. Jackson and Schiff (60) 9 using 
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a mess spectrometrie method» obtained evidence for the 

presence of atoms as weIl as excited molecules in the 

afterglow. The concentration of atoms estimated from the 

resu1ts obtained by these last two methods was less than 

two percent. 

On the other hand Wrede (61), using a differential 

diffusion gauge, claimed to have observed concentrations 

of atoms up to 40%0 Considerable doubt has been pleced 

on this method due to the proximity of the high energy 

discharge and the possibility of temperature gradients 

ecross the capillaryo Winkler and co-workers (38) (40) 

have also reported concentrations up to 40% based on the 

extent of reaction with various hydrocarbons. This esti­

mate was based on the assumption that atoms are the sole 

reactive speeies. 

Thus it appears that although high concentrations 

of atoms can be detected in a eondensed diseharge no 

unequivoea1 evidence for their presence in the afterglow 

in concentrations greater than a few percent has been 

obtainedD 

Molecular Theory of Active Nitrogen 

The earlier molecular theories resulted from the 

fact that the positive bands~ mainly the first and second, 

were strongly enhanced in the nitrogen afterglow as ob­

served in the spectrographie experiments of Lord Rayleigh 



(62) and Duffieux (63}o In his investigation of the 

characteristics of discharges leading to the production 

of the afterglow,Herzberg (53} observed the appearance 
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of the fourth positive bands, if the excitation was 

maintained sufficiently longo These bands were also 

detected by Kaplan (64)0 In some later work, Kaplan {65} 

was able to excite the fourth positive bands by sub­

jecting the afterglow to a mild, secondary electrical 

dischargeo Since the mild discharge by itself was unable 

to excite the D level of the nitrogen molecule, the 

source of the fourth.positive bands, he concluded that 

sorne excited, metastable molecules were presento 

Of all the excited molecular levels involved in the 

above transitions only those of the lower triplet state, 

the A3E:~ state, could have been metastable, since its 

transition by radiation to the ground state was shown by 

Kaplan (66) to occur only under special conditionso On 

the other hand the Astate, being the lower state in­

volved in the emission of the afterglow, could not easily 

be considered as its sourceo It has recently been pointed 

out by Muschlitz and Goodman (67) that, although meta­

stable, the Astate is short lived, thus rendering it 

incapable of explaining the long lifetime of the after­

glowo Even though the probability of the triplet states 

being the cause of the long lifetime of the afterglow is 



smal1, the numerous singlet states still remain to be 

considered. 

18 

The singlet states lie mostly in the range of 1205 

to 15.5 volts above the ground state and are very diffi­

cult to analys~, as was pointed out by Janin (58) and 

Worley (59). A mechanism in which neutral molecules 

above the first ionization limit may play a vital part 

was discussed by Worley (45) who, in previous work, had 

observed the existence of such states in the far ultra-

violet absorption spectrum of active nitrogen. In ad-

dition some transitions from the lowest singlet state, 

the alTTg state, to the triplet states have been reported 

by Meyerott (70)0 

A molecular theory in agreement with the above 

experiments and based on additional evidence has been 

tentatively proposed by Nicholls (71). In controlled 

electron experiments on the emission of the triplet bands 

of molecular nitrogen two assumptions have usually been 

made. First, that the transitions to the upper levels of 

the band systems came about directly as the result of 

collisions of the first kind between ground state mole­

cules and fast electrons; and secondly, that the energy 

values of these states are the voltages at which they 

respectively appear upon excitation by the electron beam 

of controlled energy. These assumptions would place the 



triplet levels about 2 volts higher than the accepted 

values based on reliable spectroscopie evidence (?2). 
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If, on the other hand, the primary excitation by 

collisions of ground state molecules and electrons is 

considered to result in the population of the singlet 

levels of the alTT g and 'b' states, population of the 

triplet levels could then come about by intercombination 

due to collisions of the second kind between slow elec-

trons and the excited singlet levels. The Vb' states are 

the upper states of the Birge-Hopfield systems and the 

Gaydon and Herman singlet systems. The latter appear as 

eight progressions, probably due to eight independent 

systems, aIl involving transitions to the alTTg state 

as shown in Fig. 1. 

This mechanism is suggested from comparative argu-

ments between the energies of the singlet levels with the 

electron energies at which the triplet bands appear. The 

appearance potential of the first positive bands, after 

correotion by extrapolating to the (0,0) band, is about 

9.5 volts, which is the value for maximum excitation pro­

babilityof the alTTg level. The appearance potential of 

the second positive bands is approximately 13 volts which 

ia also near the maximum excitation probability of the 

'b' levels. Since the first positive system appears at 

about 9.5 volts and is not fully developped until the 
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second positive bands appear at 13 volts and reaches a 

maximum with them, it appears that the primary population 

of the B3rrg levels below the alTTg level is due to col­

lisions of the second kind between slow electrons and the 

alTT g molecules. The secondary population of the B3TTg 

levels, especially those lying above the alTrg level, 

seems to result from the emission of the second positive 

bands. Some of the molecules in the tb' levels, by col­

lisions of the second kind, could also contribute to the 

formation of the upper B3Tfg levels. The fourth positive 

system appears at 15 volts when certain of the 'b' levels 

which lie above the D3!;t level become' populated and 

reaches a maximum intensity at 20 volts. 

Such a mechanism adequately accounts for the observed 

excitation potentials in terms of the known levels of 

nitrogen. The initial excitatiop is also in accord ~ith 

the Frank-Condon principle and does not involve a change 

in multiplicity. Furthermore, the g symmetry of the 

aln state recently proposed by Herzberg (?3) (74) renders 

that level metastable, making collisions of ,the second 

kind more probable. Although the metastability renders 

excitation less probable, the fact that only singlet 

bands, and no singlet-triplet bands, appear in absorption 

shows that it has a much greater probability than the 

excitation of the triplet states. Herzberg {73} pointed 
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out that the long path required for this absorption 

provides experimental evidence for the metastablllty. 

Prel.iminary experiments by Nicholls (75), in which 

he stuaied the above mechanism, showed that since the 

energy involved in excitation of the C3TT u state is of 

the order of the separation between the ground state and 

the 'b Y levels rather than between the ground state and 

c3n u levels the indirect mechanism 

XC 11:+) ----) Yb' ----) C( 3rr u) 
g 

is the most probable. 

This mechanism does not preclude the existence of 

atoms which could come about by predissociation. Pre­

dissociation in the alTT g state has recently been observed 

by Herman (76) and confirmed by Herzberg {74}. 

Thus electron bombardment experiments designed to 

produce the positiv~ bands seem to involve the singlet 

systems of excited moleculeso Nicholls (751 has suggested 

that this method of excitation is also the most probable 

one in the case of glow dischargeso Kaplan (4), in some 

previous experiments, had observed that glow discharges 

had a similar spectrum to that of the afterglow. In his 

experiments only the first positive bands were observed in 

the discharge ~lth a structure similar to that in the 

afterglow. The second positive bands, which are strong 

in the condensed dischargepwere almost completely missing 
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from the glow dischargeo 

There still remains the question as to whether the 

condensed discharge afterglow arises from the same mecha­

nism. At present this mechanism offers no explanation 

for the observed high intensity of the llth and 12th 

levels of the B state. Moreover, additional information 

will be required on the metastability of the alTT g state 

or of the tb' states before it can account for the life­

time of the afterglowo 

In summation then, it appears that the afterglow 

does not contain positive ions, does contain excited 

molecules and also atoms in at least small concentrations. 

Various theories have been successful in explaining the 

observed emission of the afterglow, the temperature and 

pressure effects, but the question of the long lifetime 

of the afterglow still remains unanswered. 

PURPOSE OF THE PRESENT INVESTIGATION 

The investigation was undertaken with three main 

objectives in mind: 

1. To try to establish the mode of attack of active 

nitrogen, produced by a controlled high frequency elec­

trodeless discharge of known and fixed frequency, on 

organic molecules. 

2. To establish differences, if any, between the 

chemical reactivity of active nitrogen produced by the 



electrodeless discharge and that produced by the con­

densed discharge methodo 
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3. To study the reactions of a new class of compounds, 

namely, those containing oxygen, which have up to now not 

been considered even in a qualitative manner o 

Since this thesis reports the results of the chemical 

reactions between some oxygen containing compounds and 

active nitrogen produced by the electrodeless discharge 

a brier review will be given of the work done with active 

nitrogen produced by the condensed discharge method. In 

addition, a summary of the action of hydrogen atoms and 

methyl radicals on methanol and dimethyl ether, the com­

pounds under investigation, will be given for comparative 

purposeso 

HEVIEW OF CHEMICAL REACTIONS RELATED TO THIS INVESTIGATION 

Reaction of Active Nitrogen with the Hydrocarbons 

As was mentioned earlier, C.A. Wlnkler and co-workers 

have recently undertaken a series of investigations on 

these reactions. Mention of the reactions with methane, 

ethane and ethylene will be made since only these have 

direct bearing on the present problem. Later publica­

tions on the reactions of active nitrogen with other com­

pounds are to be found in the Canadian Journal of chemis­

try after 1951. 

The reactions of ethane and methane were studied by 
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Blades and Winkler (38)0 In the reaction with methane, 

which took place to an appreciable extent only at tempe­

ratures above 3000 0, the following mechanism was sug­

gested: 

CH4 + N ~ collision complex ~ HCN + H2 + H 

followed by 

H + H ~ H2 

No other products were detectedo Similarly, for the 

reaction of ethane with active nitrogen, the sole products 

in the temperature range 106-2950 0 were hydrogen cyanide 

and hydrogen. The suggested mechanism was 

°2H6 + N ~ collision complex ~HON + CH3 + H2 

CH3 + N ~ HON + H2 

The absence of methane as a product indicated that the 

reaction 

CH 3 + C2H6 ~ CH4 + C2H5 

did not occur o The reaction of methyl radicals with the 

nitrogen atoms was considered to be very fast. 

In both these reactions the primary step wes postu­

lated as an attackofanitrogen atom on the hydrocarbon, 

yielding a collision complex,which then rearranged to 

hydrogen cyanide. The limiting hydrocarbon flow rate 

above which the rate of hydrogen cyanide formation no 

longer increased was called the clean-up point of the 

reactiono 
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The reaction of aotive nitrogen with ethylene was 

first investigated by Greenblat and Winkler (39). The 

products eonsisted of hydrogen eyanide together with 

smaller amounts of ethane. In addition, a large amount 

of a polymerie material was obtained. The reaction was 

re-investigated later by Versteeg and Winkler (40) after 

a method was devised to eliminate this large amount of 

polymerization. The additional produets obtained in this 

case were cyanogen, acetylene and methane, the latter 

being of the same order of magnitude as the ethane. The 

proposed mechanism was 

02H4 + N ~ collision complex ~ HeN + CH2 + H 

where it was thought that a hydrogen atom is liberated 

in the complex formation step. The methylene radical 

then reacts further with nitrogen atoms to yield more HON 

or reacts with sorne of the hydrogen atoms to yield methane 

as follows 

CH2 -+ H ~ CH3 

CH3 + H ~ CH4 

The ethane also resulting from a similar reaetion, 

This reaction was found to proceed by clean-up of the 

reagent in excess, either the hydrocarbon or the nitro­

gen atoms. 
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Reaction of HydrogenAtoms with Methanol and Methyl Ether 

There is only very incomplete information available 

on the reaction of hydrogen atoms with methyl alcoholo 

Geib (77) investigated this reaction and reported H
2
0, CO 

and CH4 as productso Ohemiluminescence also occured~ the 

C-H and 0-0 bands being emitted. Steacie (781 reviewed 

the question and pointed out that there appeared to be a 

catalytic recombination of hydrogen atoms in the presence 

of the alcohol. He concluded that the data are too scanty 

to allow any mechanism to be set up. Since no further 

work appears to have been carried out on this reaction 

only indirect evidence could be obtained from photolysis 

experiments on the alcohola 

Recently themercury photosensitization of simple 

organic molecules containing oxygen has been studied (79) 

(80}~ In the cases of dimethyl and diethyl ether it waB 

found that the primary step led to the abstraction of a 

hydrogen atome This work was later extended to methyl 

alcohol by Phibbs and Darwent (81). They postulated the 

following steps: 

Hg(3pl) + CH 30H ~ CH20H + H + Hg (lSO) 

H + CH 30H ~ CH20H + H2 

CHaOH + CH2 0H ~ CH20H-CH20H · 

o •• (1) 

o • 0 (2 ) 

On this basis hydrogen and ethylene glycol are the only 

important products as was found experimentally~ They 
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pointed out that this is in agreement with the previous 

work on the simple ethers, that is, there is no tendency 

to split the C-O bond in the initial act. 

The alternate primary action 

Hg(!3pl) + CH30H ~ CH30 + H + Hg(lSO} . 0 0 (l~) 

was shown to be unimportant since no ether peroxlde was 

detectedo Even if all the peroxide decomposed into CH30H 

and CH20 the ratio of the CH30H used to H2 produced should 

be lsss than two while it was found to be 2G28 in agree­

ment with (l)G They also excluded reaction (l~) on the 

basis that when CH30D was used, only small amounts of HD 

were produced and not the large amount expected for 

reaction (1')0 The small amounts detected may have been 

due to some CH2DOH in the starting materialG For similar 

reasons the alternate to reaction (2) 

must also be unimportanto An explanation for the pre­

dominance of reactions (1) and (2) over (ltl and (2') may 

be due to the difference in strength of the C-H and O-H 

bondso The average O-H bond in water is 110 kcalo and by 

analogy the one in the alcohol should at least be this 

large, thus making it 10 kcalo stronger than the C-H bond 

which is approximately 100 kcal o 

The same should hold true for hydrogen atoms pro­

duced by discharge excitation and thus reaction (2) may 
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be taken as the best probability for the action of hydro­

gen atoms on methanolo 

The reaction of hydrogen atoms ~ith dimethyl ether 

has been investigated by Trost, Darwent and Steacie (82)0 

As in the photochemical decomposition, the primary step 

is the abstraction of a hydrogen atom as follows: 

CH
3

0CH3 .+ H ~ 

The alternate pri~ary steps 

CH 3OCH3 + H ~ 

CH 30 CH3 + H ~ 

CH 30 CH2 

CH 30 + 
CH 30H + 

+ H2 

CH4 

CH3 

000(5) 

• 0 0 ( 6 ) 

were assumed to occur only slightly since reaction (5) 

could not account for the high deuterization of methane 

in experiments with deuterium atoms, while the absence of 

methyl alcohol as a product discredited reaction {6}. 

Since the products formed were CH4' CO and H20 the second­

ary reactions proposed were the decomposition of the ra­

dical formed in (4) 

CH 30CH2 ---+ CH 3 + CH20 

or atomic cracking reactions such as 

or 

000(7) 

Reaction (7) was ruled out since it has a high activation 

energy and reaction (8), since it could not account for 

the high deuterization of methane o This leaves reaction 

(9) as the main secondary reactiono 
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The mechanism accounted for the production of large 

amounts of CH4 ' smaller amounts of CO and traces of RCOH. 

The authors pointed out that the main difficulty of the 

speculative mechanism is the formation of water, which 

they could only account for by a reaction of CH30 

CH 30 + H ~ CH 3 + OH 0 0 0 (10 ) 

followed by reactions of OH which led to water formationo 

The above facts clearly show that the action of 

hydrogen atoms on methanol and dimethyl ether can best 

be explained by the initial abstraction of hydrogen atoms. 

Reaction of Methyl Radicals with Methanol and Methyl Ether 

The reaction of methyl radicals, produced by the 

decomposition of CH3NNCH3J on methyl alcohol has been 

shown to proceed by an initial rate controlling step, 

which involves the abstraction of a hydrogen atom as 

follows (83) 

CH 30H + CH3 ~ CH4 + CH20H 

followed by 

• 0 • (11) 

CH 3 + CH20H ~ CH4 + HCOH o 0 0 (12 ) 

The mode of attack of methyl radicals on dimethyl 

ether was also shown to be hydrogen abstraction in the 

initial step (80) (84) 

CH30CH3 + CH3 ~ CH 30CH2 + CH4 

accompanied by the usual recombination step 

CH30CH2 + CH 3 -7 CH30C2H5 

000{13} 

000(14) 
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as well as the breakdown of the methyl ether radical 

and further decomposition of some of the formaldehyde 

HCHO ---? CO + H2 

The aldehyde formed has been postulated to be decomposed 

by the two fast reactions (83) (84) 

HCHO + CH 3 ~ CH4 + HCO ••• (17) 

HCO + CH3 ~ CH4 + CO •• 0 (18) 

Although a completely satisfactory mechanism for 

these reactions has not been found it appears that methyl 

radicals like hydrogen atoms react with the compounds by 

initial hydrogen abstraction. 

The reactions of these compounds with active nitrogen 

will be describedo 



En'ERIMENTAL 

REAGENTS 

Methyl alcohol of 99 05% purity (by volume} was ob~ 

tained from Mallinckrodt Chemical Workso It was submitted 

to a simple bulb to bulb distillation in which the first 

and last fractions were rejected o This procedure was 

repeated until the water content~ determined by the Karl 

Fischer method~ was shown to be negligibleo Mass spec­

trometrie analysis failed to reveal the presence of any 

other impuritieso 

Commercial dimethyl ether was obtained from the Ohio 

Chemical and Manufacturing Company 0 It was found ta con­

tain sorne ethyl methyl ether and ether peroxides as im­

purities o In order to remove these? repeated bulb to 

bulb distillations were carried out , each time rejecting 

the first and last fractions o The product from each 

distillation was analyzed on the mass spectrometer and 

the procedure repeated until the dimethyl ether was shown 

to be free of all foreign constituents o 

Acetone labelled "Certified Reagent" was obtained 

from Fisher Scientific Company o It was also submitted to 

simple bulb to bulb distillation until no further changes 

in itVs mass spectrum could be detectedo 

Commercial j water~pumped nitrogen was purified by 

~31-
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passing it over 005 mmo oopper turnings at 450-4750 Co 

The oopper turnings were thoroughly degreased berore being 

olosely paoked into a 25-mm pyrex glass tube o A heating 

mantle, 40 omo in length, was then fitted around the 

tubeo At 15 omo from both ends of the mantle a thermo­

oouple was inserted between it and the glass tubeo The 

temperature of the furnaoe was adjusted by means of a 

variable transformer oontrolling the wattage of the 

heating ooil. In order to obtain maximum effioienoy at 

all times from the furnaoe, the oopper oxide formed was 

periodioally reduoed baok to oopper by passing hydrogen 

through it. Following its passage over the hot oopper, 

the oxygen-free nltrogen was led through a dry ioe-aloohol 

trap to remove water and any traoes of organio materialso 

~P~AroS 

The apparatus used was of the oontinuous flow typeo 

It oonsisted of four main seotions: the nitrogen flow 

oontrol, the Activation and reaction section, the product 

oollecting and sampling seotion, and the reaotant flow 

oontrG1D 

The Nitrogen Flow Control 

The nitrogen was introduoed under a pressure slightly 

greater than atmospherio at N, Figure 2, so that a qon­

tinuous stream of nitrogen slowly esoaped through the 

mer oury bubbler Mao The meroury bubbler was adjusted to 



1 
tH 
tH 
1 

, 
1 
1 
, 1 

1 1 
1 F, 
1 1 
1 1 
1 1 

1 

1"2 J'low 

Tl 

~, O::~B 

J4B 

DM 

S4 

Oontrol 

MG 

S5 

DP 

T2 

D 

,r 

Aotivation 
Seotion 

Reaction 
Section 

FIGURE 2 

FB 

Product Collecting Seotion 

Ml Al A2 
Sampling Section 

\..1 P 



34 

give only slight variations in pressure, less than l~ 

The nitrogen was purified as described above by passage 

through the furnace F and the trap Tlo A three-way stop­

cock was located at each end of the furnace so that hydro­

gen could be passed through it without passing it through 

the rest of the flow system o 

The purified nitrogen was then introduced into the 

discharge vessel through a capillary flow meter, which 

consisted of two capillaries, Cl and 02 in series, across 

which was inserted a differential manometer DMo Any de­

sired flow rate of nitrogen could be obtained by varying 

the size of the capillaries. For each flow rate the dif­

ferential pressure was recorded. The flow meter could be 

isolated from the furnace and discharge vessel by closing 

stopcocks 31 and 34 respectively, and could be by-passed 

by opening stopcocks 32 and 33~ 

The Activation and Reaction Section 

The nitrogen from the flow meter was passed dlrectly 

into the electrodeless discharge vessel Dp which con­

sisted of a pyrex glass tube 7.5 cm. in diameter and 28 

cm. in length. The excited nltrogen entered the reaction 

vessel R through a 25-mm pyrex tube. The reaction vessel 

was a one-liter pyrex flask chosen to minimize the sur­

face to volume ratio, since no wall poisoning was used 

in these reactions. 



The reactant gas entered the vessel through the 

small jet RG, 2 mm. in diameter, located in the center 

of the nitrogen flowo 
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The pressure in the reaction vessel was measured by 

means of the McLeod gauge MG upon opening stopcock 35' 

The system could be thoroughly evacuated, whenever required9 

by means of the di~fuaion pump DP through the same stop­

cocko 

The effluent gases passed through two 45-mm traps, 

T2 and T3' which were immersed in liquid nitrogeno The 

noncondensible gases were pumped out of the system by 

means of an Edwards 3-150 high capacity vacuum pump at Po 

Active nitrogen was prevented from reacting with the 

p~ oil by passage over copper turnings placed in trap 

T4 Q 

The Product Collecting aud Sampling Section 

The condensible products were transposed by slow 

distillation from traps T2 and T3 to the freezing bulb 

FE through stopcock 56. The stopcock was then turned 

back to the flow position. The freezing bulb was allowed 

to warm up to room temperature and the pressure of the 

products in the accurately known volume GB was measuredo 

Two 5-liter bulbs were required in order to obtain a 

pressure reading, on manometer Ml, which was large enough 

to be read accurately but small enough to justify appli-
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cation of the perfect gas law. 

The two bulbs permitted the products to be separated 

into two portions, one for water analysis, and one for 

hydrogen cyanide analysis. These portions were trans­

ferred into sample bulbs at Al and A2 through stopcock 

88' 3topcock 39 permitted the manifold to be brought to 

atmospheric pressure to facilitate removal of the sample 

bulbs o The manifold could be evacuated by means of a 

diffusion pump DF, also used to evacuate the flow system 

as previously mentioned, through stopcock 310 

The ij~aotant Flow Control 

This part of the apparatus is illustrated in Figure 

3. The reactant was introduced at A and purified by bulb 

to bulb distillation (bulbs Bll and B12) as described 

previouslyo After purification it was stored in bulb Rllo 

This part of the system could be thoroughly evacuated 

through stopcock 311 with a diffusion pump DFo 

Any required amount of reactant could be introduced 

in the bulb R12' and the constant vapor column U, by 

opening stopoocks 312 and 313 and closing stopcocks 815 

and 3160 The amount could then be calculated from the 

recorded pressure on manometer Mll after stopcock 512 was 

closed, since the total volume thus enclosed had been 

previously calibrated. The gas was then frozen in the 

column U and stopcock 313 closed. 
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The contacts 1n the vapor pressure control manometer 

DVPM were then adjusted so that the desired flow rate 

could be obtained. The reactant gas entered the reaction 

vessel through stopcock 816 , capillary 011 and stopcock 

5 170 

A un1form flow rate of reactent was prov1ded by 

ma1ntain1ng the pressure constant before the cap111aryo 

The column U constituted part of a modif1ed LeRoy (85) 

fractionant1ng column LS. A heat1ng c011 made of loosely 

wound No 30 B & 8 constantan wire surrounded the tube U. 

The heater had a resistance of 10 ohms and its leads 

entered the outer jacket through the tube W, into which 

they were sealed by Dekhotinsky cement. The space between 

the tube U and the removable, outer jacket could be evacu­

ated to any pressure found suitable to give the proper 

heat balance between the refrigerant surrounding the outer 

jacket and the heating c011. 

Since it was found to be very difficult to determine 

the proper heat1ng rate beforehand and since this var1ed 

from exper1ment to experiment an automatic heat1ng con­

trol was used. This was done by connect1ng one end of a 

U-tube to the system through stopcock 315 so it could be 

isolated when not requiredo This U-tube was f111ed w1th 

suffic1ent mercury to enable the use of pressures up to 

one atmosphere. In the open end of the U-tube tungsten 
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leads of a make-and-break electrical relay ER,were intro-

duced. This relay activated a variable transformer de­

livering the power to the heating coil. After roughly 

adjusting the heating rate the automatic control was 

switched on. By varying the depth of the leads in the 

tube any desired pressure could be maintained in the 

system. If the pressure became too high, contact was 

made through the mercury, the relay tripped, and heating 

was discontinued. If the pressure was too low the re­

verse occurred. In this way the pressure could be con­

trolled to within 3~. 

METHODS OF ACTIVATION 

Discharge Tubes 

The types of discharge tubes used in the electrode­

less and the condensed discharge methods of excitation 

are drawn to the scale 1:4 in Figure 4. 

The dimentions of the electrodeless discharge tube / 

have already been given. The primary coil P.C. was 10-

cated between the two sections of the split secondary 

co il S.Co The variable condenser which formed the re­

maining part of the coupling circuit was located near 

these coilso Energy was transmitted from the amplifier 

to the couplin~ circuit by means of coaxial cable o 

The condensed discharge tube was made of a 50-cm 

length of 25-mm pyrex tubing bent in the form of a 
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gentle U. The electrodes were hollow aluminum cylinders, 

6 cm. long, l cm. in diameter and 2 mm. in wall thickness. 

The tungsten leads were sealed through the ends of the 

discharge tube and were connec~ed to the electrodes by 

hammered connections. 

The nitrogen was introduced over each electrode so 

that the gas flowed from the electrodes towards the center 

of the tube. The excited gas was withdrawn from the 

center of the discharge and entered the reaction vessel 

through a length of 25-mm pyrex tubing. 

Both discharge tubes were so located that the dis­

tance between the reaction vessel and the center of the 

discharge was 30 cm. This distance was found sufricient 

to prevent back diffusion of the reactant gas into the 

discharge region. 

Electrodeless Discharge Circuit 

The electrodeless discharge was excited by a high 

frequency oscillator. The oscillator consisted of a push­

pull 813 amplifier controlled by a 40-watt exciter. The 

exciter and amplifier were well shielded to prevent the 

escape of unwa~ranted radiation. Similarly, the activa­

tion coil and tne circuit by which the effective load of 

the discharge tube was matched to the impedence of the 

oscillator were also shielded. The high frequency energy 

was transmitted from the oscillator to the coupling . 



circuit by coaxial cable. The oscillator was designed 

to operate at several frequencies but since better cou­

pling was obtained at 14 Mc. with the type of discharge 

tube used, this frequency was adopted throughout the 

experiments. 

The exciter circuit is given in Figure 5. The 

circuit is identical to the one described in the Radio 

Amateur's Handbook (86) and has the advantage of re­

quiring only one tunipg control. 

The crystal oscillator uses a roodified Pierce cir­

cuit. The crystalfiequency of 7.231 Mco was doubled by 

the oscillator to give the 14 Mc. bands used. The cou­

pling between the oscillator and the 807 amplifier of 
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the exciter was adjusted to give the narrow band response 

required and fixed in that position. The use of induc­

tive band-pass couplers served to reduce v.h.f. harmonics. 

The coupling coils, LI and L2p were wound on the 

same forro, li inch in diameter p i inch aparto Each coil 

consisted of 9 close-wound turns of No. 20 dos.co wire. 

The output stage is a conventional 807 amplifier working 

straight through on the output frequency of the crystal 

oscillator. 

The unit was operated from a single power supply, 

and both stages were keyed simultaneouslyo Keying of the 

oscillator was only used in a few specific experimentso 



FIGURE 5 

Bxciter Circuit 
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The exciter was connected to the amplifier by a four-foot 

length of coaxial cable. 

The circuit for the amplifier is given in Figure 6. 

The 900-watt amplifier was constructed as described in 

the Radio Amateur's Handbook (87), except for the omission 

of the neutralization condensers. A multiband tuner, 

eliminating the need for access to the grid circuit,per­

mitted complete shielding for greater stability. 

A commercial, National Type MB-40L tuner was used as 

the multiband tuner without modification. It consists 

of the coils L2' L3 and L4 and the condensers 03 and 04 

in the grid circuit. With this tuner the grid tank cir­

cuit could be resonated to the frequency of the exciter 

with the adjustment of only one control which was then 

fixed in position. 

A lOOO-ma. doc. meter measured the total cathode 

current while two 50-ma. d.co meters registered the indi­

vidual grid or screen currents of eech tube. The latter 

permitted a ready comparisson of the currents to check 

the balance of the amplifier. All supply leads and leads 

running tothe meters were shielded . 

In the output circuit a Baker and Williamson's Type 

20HDVL coil, coil LI Fig. 6, was used for the 14 Mc. 

bands 0 An identical coil was also used as the acti­

vation coil wound around the electrodeless discharge tube. 
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Amplifier Circuit 
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A power supply was designed which allowed the ampli­

fier to deliver any desired amount of energy o This was 

made possible by connecting the primary of the plate 

voltage transformer to a 0=120 volt variable transformer 

and by inserting a two-section, multiple position switch 

in the screen and bias voltage circuits so that the 

proper sere en and bias voltages could be simultaneously 

applied for any given plate voltageo The power switches 

were arranged in series so that the lower voltages were 

turned on before the higher oneso A time-delay relay 

was inserted in the power circuit to insure that no plate 

or screen voltages were turned on before the amplifier 

tubes were properly warmed upo 

The energy was transmitted from the oscillator to the 

activation circuit be means of a l2-foot length of co­

axial cable o The activation circuit was identical to the 

tank circuit of the 813 amplifier in construction, this 

being the easiest way of attaining good coupling with the 

amplifiero All experiments were carried out at a plate 

voltage of 1500 voltso The corresponding screen and bias 

voltages were 300 volts and -75 voltso The total cathode 

current wes always set at 250 milliamps, this being the 

value for proper loading of the oscillatoro The indivi­

dual screen currents varied between 14-16 mao and the 

grid currents between 18-20 mao, indicating proper balanceo 
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Condensed Discharge Circuit 

The condensed discharge was excited by means of a 

relaxation oscillator ~hose circuit is given in Figure 7~ 

The oscillator consisted of a 5000 V. transformer Tl 

whose voltage was regulated by connecting its primary 

coil to a variable, 0-120 V. transformer Vo One side 

of the secondary coil of the power transformer was con­

nected directly to the charging condensers, Cl and C2 , 

each having a capacity of 2 microfaradso The other side 

was connected to the plates of two 866 mercury rectifier 

tubes in parallel. The filament voltages were supplied 

to each tube individually by the split winding of the 

filament transformer T2 0 

The condensers were charged up through the two 5000 

ohms resistors Rl and R2. The power was led from the 

condensers to the discharge tube by illeans of high voltage 

leads. A d.pod.to switch, represented here as 81 and 32 , 

was inserted 50 that at the end of an experiment the 

condensers could be discharged and the power supplied to 

the circuit eut off simultaneously. Resistor R2 was used 

as a bleeder when the switch was closed. 

The operation of the oscillator is very simple. A 

potential is built up on the condensers till it reaches 

a value greater than the break down potential of the gas 

in the tube. When this Gccurs the condensers discharge 
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across the tube until the voltage is reduced below the 

value required to maintain the discharge which is then 

interrupted. Since a fairly constant current is delivered 

to the condensers, these are chareed up again and the 

cycle repeats it8elf. It i8 obvious that the rate of 

discharge pulses is governed 801ely by the rate at which 

the condensers are charged up. In the present case the 

rate was varied by controlling the voltage delivered to 

the primary of the power transformer. 

The pulsating rate chosen was the one which by in­

spection gave the most activation. It must be pointed 

out that the striking voltage of the discharge tube 

depended only on·its design and the pressure of the gas 

in it. These were fixed for any series of experiments 

and therefore will not be discussed here. In practice 

it was found that setting the variable transformer at 

60-65 volts a pulsating rate of approximately 5 pulses 

per second was obtained and the experiments were carried 

out under these conditions. Minor adjustments of the 

voltage had to be made during each experiment since there 

was a slight tendency of the oscillator to drifto An 

estimate of the total wattage input to the oscillator 

gave a value of ?OO wattso The wattage delivered to the 

dis charge tube could not be estimated since the intro­

duction of measuring instruments altered the dischargeo 
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PROCEDURE FOR A TlPICAL EXPERIMENT 

Before beginning a series of experiments the traps 

T2 and T3 ~ere cleaned out thoroughly. They were washed 

with cleaning solution and rinsed several times with 

distilled water. The outer jackets and the inner-tubes 

of the traps were then flamed with a non-luminous flame 

to drive off the water and to check tor any salt depositso 

When the traps were perfectly clean they were reassembledo 

The reaction and discharge vessels did not have to be 

cleaned since carbonization was never detected after 

flaming; indicating that no deposits were formed. None 

of the walls were poisoned. 

The copper furnace was reactivated before each series 

of experiments by passing hydrogen through it. It was 

then evacuated and flushed several times with nitrogeno 

The system was first pwnped out thoroughly and when 

the furnace was at the right temperature the nitrogen 

flow was started by opening stopcocks SI and S4' stop­

cocks S2 and 3 3 being closed. The nitrogen then flowed 

through the capillaries Cl and Ca and when the proper 

pressure difference was recorded on the differential 

manometer DM the flow conditions had reached equilibriumo 

The pressure in the system was now measured, by the 

McLeod gauge MG 9 at three-minute intervals until constant, 

and th en recordedo Following this the discharge was 
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turned on and allowed to reach a steady state. 

During this time a definite amount of reactant was 

isolated in the reactant reservoir RIZ and its pressure 

recorded on manometer MIlO The amount of reactant was 

calculated from the gas law since the pressure and volume 

were known o The pressure was then adjusted to deliver 

and maintain the required flow rate of reactant across 

the capillary Cll by means of the differential manometer 

DVPM. 

After stable pressure and discharge conditions were 

obtained the product collecting traps TZ and T3 were im­

mersed in liquid nitrogen and allowed to cool. Stopcock 

8 16 was then opened and the moment the pressure reached 

equilibrium again stopcock S17 was opened, and the time 

recorded. The reaction was allowed to proceed for the 

desired length of time, which varied between 10 and 150 

minutes, depending on the flow rate of the reactant. 

During the reaction the pressure was found to remain 

unchanged and equal to the pressure of the nitrogen gas 

before the reactant was introduced . The nature of the 

reaction flames and the behavior of the oscillator and 

discharge tube were checked periodically. In the case 

of the condensed discharge, slight adjustments had to be 

made from time to time to keep a constant rate of dis­

charge across the tube. The electrodeless discharge on 



the other hand was very stable and no adjustments were 

required. 
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At the end of the experiment stopcocks S17 and S4 

were closed in rapid succession and the discharge was 

discontinued as soon as possible. The remaining nitrogen 

was then pumped out of the system till the pressure was 

below l mm. as indicated by the change in sound of the 

pump. The three-way stopcock S6 was closed to the pump 

and opened to the sampling sectiono 

After the products were transferred to the sampling 

system and their total amount measured as previously 

described two aliquote were transposed to sample bulbs 

for subsequent analysis. 

ANALYTICAL APPARATUB AND TECHNIQ,UE 

Water Analysie 

Analysis for water was carried out by the Karl 

Fischer titration method. In order to obtain the best 

possible accuracy a completely isolated system was set 

up as shown in Figure 8. The main feature of this appa­

ratus was that the reagent never came into contact ~ith 

the air even through tubes of standard dessicantso 

The reagent was delivered to the water flask WF, 

which contained one of the product aliquots, from the 

calibrated burette AB. The pressure in the system was 

kept at atmospheric by forcing mercury from the reservoir 



FIGURE 8 

Water Analysis Apparatus 

p 

F 

D 
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H into bulb R with stopcock A open. The relation between 

the internal and atmospheric pressure was given by e 

smell differential manometer attached at G. The positive 

pressure that would have developed in the flask WF was 

reduced to atmospheric by opening stopcocks D, E and F 

periodically and letting the gases escape through the 

vessel P, filled with P205 • This vessel was provided 

with a stopcock at each end so that when removed from the 

system it would not be left open to the air. When the 

apperatus was not in use the mercury could be isolated 

from the reagent by closing stopcock A, and the lower end 

of the burette was protected by a dummy joint. The bu­

rette wes filled by letting the reagent from the reservoir 

flask KF flow into it through stopcock B. All stopcocks 

were lubricated with silicone grease to prevent reaction 

with the reagent. 

The Karl Fischer reagent was prepared by dissolving 

25.4 go of iodine in 500 cc. of dry methanol, adding 79 g. 

of pyridine and bubbling sulfur dioxide through the so­

lution until 19.2 g. had dissolved. The volume was th en 

made up to one liter with dry methanol. Under these 

conditions there was a marked change in color at the end 

point upon the addition of one drop of reagent. The 

reagent was standardized against a standard water-in­

methanol solution supplied by Fisher Scientific Company, 
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and some standard sodium tartrate dihydrate supplied by 

Merck and Co. Lt'd. The agreement between both standards 

was better than 0.5%. By using the above apparatus the 

reagent could be kept for months without change. 

The analysis was carried out using the following 

procedure. Flask WF was attached to the sampling manifold 

by means of the standard taper joint TS2 • The other joint 

on the flask, TS1, was closed by a matching dummy joint. 

After the sample had been frozen in the flask, stopcock D 

was closed and the flask removed from the manifold. The 

P205 tube P was then attached to TS1. The sample was 

allowed to warm up slowly and was prevented from exceeding 

atmospheric pressure by manipulating stopcocks D, E and F. 

In the case of dimethyl ether the flask was not 

allowed to warm up above OOC for fear of losing some of 

the water which might escape along with the ether which 

evaporated completely. 

When the sample wes wermed up the dwnmy joints at 

TSl were quickly removed and the flask and burette joinedo 

During the titration the solution was continuously agi­

tated by means of a magnetic stirrer. Blank titrations 

were performed on the methanol and dimethyl ether. These 

were never larger than 001 cCo 

Hydrogen Cyanide Analysis 

The sample aliquot used for hydrogen cyanide analysis 



was collected in a pyrex tube, 4 cm. in diameter and 

40 cm. long, sealed at one end and having a standard 

taper joint of the other. This vessel fitted into the 

matching joint of an adapter which was equipped with a 

stopcock and a standard taper joint which matched the 

one at AZ on the sampling manifold. 

Ten milliliters of l N potassium hydroxide was 

placed in the vessel which was then connected by means 
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of the adaoter to Az' The vessel was evacuated, immersed 

in liquid nitrogen and the sample aliquot then forced 

to condense on the surface of the frozen potassium hy­

droxide by lowering the liquid nitrogen below this levelo 

The stopcock was closed and the vessel detached from 

the manifold. The vessel wes then partially immersed in 

bQiling water in such a way that the potassium hydroxide 

at the bottom melted and flowed over the still frozen 

products above it. This procedure was repeated once and 

the vessel was finally shaken to assure complete solution 

of the hydrogen cyanide. 

The potassium cyanide thus formed in the KOR solu­

tion was poured into a Z50-ml. erlenmeyer flesk. Five 

milliliters of 6 N ammonia were added and the cyanide wes 

titrated with 0.1 N silver nitrate using O.Z go of po­

tassium iodide as the indicatoro The appearance of a 

permanent turbidity of silver iodide was taken as the 
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end point. The initial reaction: 

Ag+ + 2 CN- > Ag(CN)2 

was followed by the formation of AgI at the end point (88}o 

Analysis of Other froducts 

Those that could not be condensed were only estimated 

qualitatively by mass spectrometrie analysis sinee they 

never constituted morethan a few parts per thousand of 

the nitrogen. Analysis for these were carried out on 

samples taken from the nitrogen flow at Al and A20 The 

other condensible products which were liquid et room 

temperature and had extreme low vapor pressures were 

estimated from the amounts of liquid remaining after the 

water, hydrogen cyanide and excess reactant had boiled 

off. These were identified by transposing them to bulbs 

conneeted at Al or A2 under prolonged distillation with 

subsequent analysis with the mass spectrometero 



RESULTS 

REACTION OF ACTIVB NITROGEN WITH METHANOL 

Characteristics of the Reaction 

This reaction was carried out with active nitrogen 

produced by a high frequency, electrodeless discharge at 

three different nitrogen flow rates chosen to give a 

weak, moderate and strong afterglow. For comparative 

purposes the reaction was also carried out with active 

nitrogen produced by a condensed discharge, but at only 

one flow rate chosen to give an afterglow of comparable 

intensity to the brightest one obtained by the electrode­

less method. 

~ualitative observations indicated that the reaction 

took place in a blue to violet coloured zone of fairly 

high luminosity. Since the reaction zone flames varied 

in intensity and characteristics for the four series of 

experiments mentioned above they will be described in 

detail below. 

Series l - Electrodeless discharge, activating 

nitrogen flowing at a rate of 3 x 10-4 mOle/sec and at a 

pressure of 4.7 mm Hgo Under these conditions the after­

glow was very weak and only a faint bluish flame at,the 

alcohol inlet was observed. The afterglow was completely 

extinguished even at the lowest alcohol flow rate. The 
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intensity and extent of the flame did not appear to vary 

with the aloohol flow rate. The flame wes epproximately 

on.e to two oentlmeters in lengt'h • . 

Series II - Eleotrodeless disoharge~ aotivating 

nitrogen flowing at a rate of 5.7 x ï~~4 mOle/aeo and at 

a pressure of 7.4 mm Hg. The afterglow was now moderately 

intense, but the introduotion of the aloohol even at the 

lowest flow rate quenohed lt oompletely •. The reaotion 

flame was violet at the lowest aloohol flow rate, 3.6 x 

10-6 mole/ seo, and filled the reaotion v.essel oompletely. 

The flame was oOly 3 om. long at a flow rate of 8 x 10-6 

mole/seo, but was more intense. Upon further inoreasing 
' .. 

the aloohol flow rate,the flame deoreaaed to about 2.5 

omo in length and inoreased in intenaity. 

Series III - Eleotrodelesa disoharge, aotivating 

nitrogen fl.owing at a rate of 7.1 x 10-4 'mole/aeo and at 

a pressure of 8.7 mm Hg. The afterglow waa n'Ow very 

intense; nevertheless, introduction of the alcohol still 

qùenched it oompletely. The reaotion flame was reddish­

blue and filled the reaotion vessel oompletely at the 

lowest aloohol flow rate of 2.9 x 10-6 mOle/sec. At a 

flow rate of 7 x 10-6 mole/seo the flame ~as violet and 

only 5 cm. in l~ngth. A~ the flow rate was further in­

oreased the intenslty of the flame inoreased markedly 

and its length decrease9 to 2 omo 
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Series IV - Condensed discharge, activating nitrogen 

flowing at a rate of 5.2 x 10-5 mOle/sec and at a pressure 

of 1.6 mm Hgo In th1s case the afterglow was also very 

intense and comparable to the one obtained in series 1110 

The reaction flame was lavender and filled the reaction 

vessel completely up to alcohol flow rates of 804 x 10-6 

mOle/seco In this case some afterglow persisted in the 

reaction vessel. As the alcohol flow rate was incre~sed 

the flame receeded in the tube leading to the discharge 

vessel and disappeared in the reaction vessel . When the 

flame was in the tube it was about? cm. in length. At 

flow rates of 20 x 10-6 mOle/sec the top of the flame had 

receeded 12 cm o in the tube and at 35 x 10-6 mOle/seo it 

had backed up 15 cm. Again, the flame increased markedly 

in intensity with the alcohol flow rate. 

In none of the experiments was there any indication 

of a trap reaction: no reaction glow was observed in this 

regiono This wes supported by the tact that no brown" 

nitrogeneous polymer was ever detected, as was reported 

to be formed in experiments using hydrocarbons (38) (39) 

(40) • 

Qualitative observations were relied upon to deter­

mine whether some of the methyl alcohol diffused back 

into the discharge tube. In the three series pf experi­

ments with the electrodeless discharge the afterglow was 
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always visible to the top of the reaction chamber and a 

sharp demarkation line existed there between the after­

glow and the reaction flame. Under normal operating 

conditions the electrodeless discharge appeared to be 

continuous due to the high frequency of the oscillatoro 

Its peach colour was approximately the same as that of 

the afterglowo I~ on the other hand, the discharge was 

interrupted by keying the exciter two to ten times per 

second while the reactant was flowingBback diffusion was 

indicated by the change in colour of the discharge to 

blue. Under these conditions the afterglow was found to 

disappearo Thereforepwhen the discharge did not change 

in colou~and the afterglow produced by it did not de­

crease in intensityv it was concluded tnat no back dif­

fusion had taken placeo 

In the fourth series of experiments~ with the con­

densed discharge, there was some back diffusion in the 

tube leading to the discharge vessel. This back diffusion 

never proceeded more th an 15 cm. in the tube and at the 

worst never came closer than 15 cm. from the outlet of 

of the discharge tube. There was always a sharp demar­

kation line between the afterglow and the reaction zone 9 

which suggested that back diffusion proceeded no furthero 

Moreove~,no carbon deposits were formed in the discharge 

tube whereas it is weIl known that such deposits occur 
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readily when carbon containing compounds are fed through 

an electric arc (89)0 Thus p although the evidence is not 

as conclusive as in the experiments with the electrodeless 

discharge» there appeared to be no large back diffusiono 

The reaction temperatures were not measured since it 

was apparent that the reaction flames changed in intensity 

and size as the alcohol flow rate was varied. Thus the 

temperature of the reaction would be to a large extent 

dependent on the location of the measuring device. Fur-

thermore~ there was a marked increase in the temperature 

of the vessel walls due to dielectric heating from the 

discharge p which rendered thermocouple readings impracti­

cable. In addition p aince the present work had to be 

carried out without the use of wall poisoning agents 9 

the introduction of any device in the reaction zone would 

have resulted in serious wall catalytic effects and made 

their results questionableo 

Products of the Reaction , 

~uantitative experiments showed the major reaction 

products to be hydrogen cyanide j water and residual methyl 

alcoholc Repeated mass spectrometric analyses of the 

trapped products failed to yield any other constituents. 

3uch analyses were carried out periodically in each series 

of experiments o 

The presence ofnoncondensible products was detected 
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by sampling the gas flow beyond the traps, followed by 

mass spectrometrie analysis. They consisted of hydrogen 

and oxygene Since these were present in amounts less 

than 0.1% of the sample taken (the rest being nitrogen) 

no accurate estimates could be obtained. In addition some 

methane and possib1y ethane were detected. The results on 

these last two compounds were erratic and inconclusiveo 

The results of the hydrogen cyanide and water analy­

ses for Series l, II and III are shown in Tables l, II 

and III respectively. The hydrogen cyanide data for 

these three series are plotted in Fig. 9 and the water 

data in Fig. 10. The hydrogen cyanide values do not take 

into account any cyanides that might be present in the 

whi te solid generally obtai.oed in lthe first trap. This 

amount, however, was always extremely small and could 

therefore not change the data by more than a few percent o 

The hydrogen cyanide yield increased with increasing 

alcohol flow rates up to a critical flow rate, above which 

it remained constant. In Series II and III the initial 

rise seems to consist of two linear portions, the inter­

section of these linear portions occurring at about the 

same alcohol flow rate in the two cases. The horizontal 

portions of these curves indicate completeconsumption 

of active nitrogen over the range of alcohol flow rates 

above the critical flow rate. 
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~ABLE l 

Bydrogen Gyanlde p Water and Condenslble Produots Yleld 
with Varlous Kethano1 Flow Rates = Series l 

Products Hydrogen Cyanide Water 
mole/seo x 10~6 mOle/sec x 10=9 mOle/seo x 10=6 mOle/sec x 10-6 

2 090 2097 0024 0 021 

7007 7022 0039 0037 
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12017 12040 0039 0042 

18040 18067 0039 0042 
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TABLE II 

Hydrogen Oyanide 9 Water and Condensible Produots Yield 
wi th Various Methanol Flow Ratea 'ê'. Series II 

Methanol Products Hydrogen Cyanide Wa.ter Gain 
mole/ sec :x 10=6 mOle/seo x 10=6 mOle/sec :x 10=6 mOle/ seo x 10=6 mOle/seo x 10=6 

3 056 3 066 0046 0052 0010 

0 7086 8017 0081 0094 0031 
Ol en 
0 10064 10 096 0088 1001 0032 

13036 13 078 0099 1015 0042 

15097 16042 1011 1023 0045 

19023 19 077 1025 1034 0054 

22 081 23030 1029 1045 0049 

25097 26 060 1031 1046 0063 

32032 32079 1029 1044 0047 
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'fABLE III 

Hydrogen Cyanlde p Water and Condensible Products Yle1d 
wlth Various Methanol Flow Rates = Series III 

Products Hydrogen Cyanide Watex-
mOle/sec x 10-6 mOle/seo x 10=6 mOle/sec x 10=6 mOle/sec x 10=6 

2088 2081 0071 0063 

7007 7018 1025 1.27 

12056 12056 1.,49 1051 

12038 12046 1049 1056 

12045 12059 1048 1055 

18044 18065 1076 2002 

25081 25092 1078 ~010 

32023 32b32 1077 2007 

Gain 
mOle/sec x 10=6 

=0007 
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0014 
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0009 



FIGURE 9 

Plot of Hydrogen Oyanide Yield as a FunotioD of Methanol 
Flow Rate -- Series l, II and III 
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The water yield followed the hydrogen cyanide yield 

pattern. The intersections of the linear portions in the 

water curves for Series II and III occurred at the same 

alcohol flow rate. This alcohol flow rate is also the 

one at which the linear portions of the corresponding 

hydrogen cyanide curves intersected. In addition, in 

all three series, both the water and hydrogen cyanide 

yields remained constant above the same, critical alcoho1 

flow rate. 

The similarity in the behavior of the hydrogen cya­

nide and water curves suggests that these products are 

formed mole per mole of methanol reacted, and that the 

major portion of the reaction can be represented stoichi­

ometrica11y as 

CH 30H + i N2 ~ HON + H20 + i H2 00.(1) 

However, if comparisons are made between . the maximum 

amount of water and hydrogen cyanide produced the agree­

ment is by no means perfect. Table IV gives these maxi­

mum yields for the three series, and Fig. Il shows them 

plotted as a function of the nitrogen flow rate. It will 

be seen that the maximum amount of water produced is in 

excess of. the maximum hydrogen cyanide and that the dif­

ference increases with the nitrogen f10w. 

Further evidence that the stoichiometric equation 

does not adequately describe the reaction ls provided by 
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TABLE IY 

Maximum Hydrogen Cyanide and Water Yield 
with Various Nitrogen Flow ·Rates 

IH trogen lIaximum Yield 
Flow Rate Hydrogen Cyanlde Water 

mOle/sec x 10-6 mOle/seo x 10-6 mOle/seo x 10-6 
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710 1.77 2.07 
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a consideration of the mass balanceo Thus according to 

reaction (1) the number of moles of condensible products 

(column 2 in Tables l, II and III) should be greater than 

the amount of methanol introduced into the reaction 

(column 1) by an amount equal to the number of moles of 

hydrogen cyanide or water formed (columns 3 and 4)0 The 

actual, measured gain (column 5) was always smaller than 

thiso Some of this discrepancy is undoubtedly due to the 

use of the perfect gas law on these readily condensible 

mixtures to determine the total amount of products formed 

ln the reaction. However, since noncondensible products 

other than hydrogen were detected, other reactions must 

also occure 

The extent to which the failure of the perfect gas 

law is, or the alternate reactions are responsible for 

thesediscrepancies cannot be evaluated quantitativelyo 

However, from the order of magnitude of these discrepan­

cies it is apparent that a fair amount of noncondensible 

carbon containing compounds such as methane and probably 

ethane also must be produced since-no polymer was detectedo 

The results of the hydrogen cyanide and water analy­

ses for Series IV are given in Table V. The hydrogen 

cyanide and water data for this series are plotted in 

Fig. 12. 

In this case the hydrogen cyanide and water yields 



TABLE V 

HYdrogen Cyanide p Wat~r and Condensible ProductsYleld 
with Varlous Methanol Flow Rates = Series IV 

.. 
Iethanol Products BYdrogen Cyanide Water Gain 

mOle/sec x 10=6 mOle/sec x 10=6 mOle/seo x 10=6 mole/sec x 10=6 molelsec x 10=6 

0 4 015 3083 1044 1013 =0 032 
~ 

~ 8 039 8 086 2 031 1 077 0047 

14036 14 092 2086 2042 0056 

19 057 20 084 3025 3004 1027 

26 016 28 004 3 051 3 024 1 088 

32 042 34 072 3071 3 039 2030 

39 010 41 040 3070 3 038 2030 
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increased gradual~y and did not level off until the methyl 

alaohol flow rate was 80% of the nitrogen flow rate. 

Experiments at much higher alcohol flow rates could not 

be performed since the reaction zone would have been too 

near the discharge. The critical flow rate phenomenon 

in this case is much less pronounced, but nevertheless 

still present. 

The reaction also differed in some degree from that 

with the electrodeless discharge in that the water yield 

is lower than the hydrogen cyanide yield. More oxygen 

was 11berated as ihdicated by the colour of the reaction 

flame~ which was much bluer th an in the first three series, 

and by Quan~itative estimates obtained by mass spectro­

metrie analyses~ There was also more white solid formed 

in this series than in the previous ones. This amount 

was approximately doubled, but was still very small. 

The noncondensible products were similar to those 

obtained with the electrodeless discharge, namely hydro­

gen, oxygen~ :traces of methane and possibly ethaneo 

In Table V the number of moles of products and the 

gain in moles of material are also recorded. Again, from 

a consideration of the m!=lSS balance it is indicated that 

the stoichiometric equation does not adequately describe 

the 'reaction. The same dif1'iQulties being eneount-ered 

in tnls series 8& in the tirst three series of experiments. 



REACTION OF ACTIVE NITROGEN WITH DIMETHYL ETHER 

Charaoteristics of the Reaotion 
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Two series of experiments were oarried out with dime­

thy1 ethera One with the electrodeless discharge under 

the same conditions as in Series III and one with the 

oondensed discharge as in Series IV of the methanol expe-

riments o 

~u81itative observations indicated that this reaction 

also proceeded with a blue to violet reaotion zone of 

fairly high luminosity. Since the reaotion flames showed 

marked variations in the two series of experiments they 

will bedescribed separately. 

Series V - Electrodeless disoharge»8ctivating nitro­

gen flowing at a rate of 701 x lO-~ mOle/sec and at a 

pressure of 8.? mm Hg . As in series III the afterglow 

was very intense and the introduction of the ether de­

stroyed it completely even at the lowest flow rate. At 

ether flow rates up to 13 x 10-6 mOle/sec the reaction 

flame was reddish blue and about 4 to 5 cm. in lengtho 

As the ether flow rate was further inoreased the flame 

increased in intensity and decreased in lengtho It was 

only 2 05 cm. at flow rates above 24 x 10-6 mOle/sec. 

Series VI - Condensed discharge, aotivating nitrogen 

f10wing at a rate of 502 x 10-5 mOle/seo and at 8 pressure 

of 1 u6 mm Hg . At the lowest ether f10w ratethere were 
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two distinct reaction zones . A reddish rlame appeared in 

the tube between the reaction vessel and the discharge and 

extended from 3 to 15 cm . above the reaction vesselo A 

similarly coloured rlaIDe with its upper edge 2 CID . below 

the connecting tube extended outwards until it filled haIt 

of the reaction vessel u The two reaction zones were thus 

separated by a 5 cm . dark space . At higher ether flow 

rates only the upper flame could be detected . Its lower 

end retreated up to about 8 CID. above the reaction vessel 

at the hiehest flow rate v while its upper end remained 

stationarY Q The intensity of the flame simultaneously 

increased and its colour deepened to a blue violeto 

Products of the Reaction 

Hydrog en cyanide~ water and residual dimethyl ether 

were identified among the condensible products of the 

reaction. The mass spectre of the condensible fraction 

showed mass numbers below 45 which could not be assigned 

to any of the above produets . When these were removed 

from the samples by distillation a colourless 9 viscous 

liquid remained which had the same mass spectrum as the 

unaccountable portion of the total sample. Sinee mass 

numbers above 45 were absent an additionproduct between 

hydrogen cyanide and formaldehyde was suspected . This 

addition compound 9 glycollic acid nitrile HOoCH2CN~ was 

prepared and analyzed mass spectrometrically. The 
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speotrum obtained was identioal to the one for the liquid 

fraotion of the sample. Moreover, the vapor pressures, 

oolours, and visoocities were similar and agreed with 

those listed in the literature for this compound. In 

either oase the addition oompound decomposed on standing 

in air with the evolution of hydrogen ,cyanide while it 

turned brown in oolour and then black. Under vacuum it 

was stable and could be transposed by prolonged distil­

lation. 

The nonoondensible produots oonsisted of hydrogen and 

traces of methane and ethene. In addition, very little 

oxygen was obtained in the series ot experiments with the 

electrodeless disoharge, while for the condensed disoharge 

more oxygen was deteoted. An amount of white,solid compa­

rable to that in the methanol reaotion was also obtained. 

The results of the hydrogen oyanide and water analy­

ses tor Series V and VI are shown in Tables VI and VII 

respectively. The data for Series V and VI are plotted 

in ligures 13 and 14 respectively. 

The hydrogen cyanide yield attained its maximum value 

very rapidly. The portion of the ourve between the lowest 

flow rate of ether and the critical flow rate oorre­

sponding to a decrease in size of the reaotion zone. In 

the oase of the condensed discharge the hydrogen cyanide 

yield inoreased more gradually after the sharp, initial 
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TABLE VI 

&ydrogen Cyanide, Water and Condensib1e Prod~cta Yie1d 
·.i th Varlou8 Dimethyl Ether Flow Rates ~ Series V 

D1J1lethy1 Ether Products Hydrogen Cyanlde Water 
mo1~/sec x 10-6 mOle/sec x 10.6 mOle/sec x 10.6 mOle/sec x 10.6 

3.86 4.81 1.90 0.80 

8.02 8.90 1.97 0.82 

12.93 13.17 2.12 0.89 

18.47 18.83 2.21 0.88 

24.20 24.24 2.20 0.87 

30.32 30.66 2.19 0.85 

36.22 36.33 2.16 0.85 

Gain 
mOle/sec x 10.6 

0.95 

0.88 

0.24 

0.36 

0.04 

0.34 

0.11 



FIGURE 13 

Plot of Bydrogen Cyanide and Water Yie1d as a Function 
~ o~ Dimethyl Ether Flow Rate - Series V 
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TABLE VII 

aydrogen Cyanlde, Water and Condensible Products Yield 
with Varlous Dlmethyl Ether Flow Rates - Series VI 

Dimethyl Ether Products Hydrogen Cyan1de Water 
mOle/sec x 10-6 mOle/sec x 10-6 mOle/sec :x 10-6 mOle/sec x 10-6 

5074 G.64 2022 0.,53 

11.74 13055 2.61 0.62 

18063 20.56 2.82 0.69 

24030 26.64 2.92 0071 

30045 33002 2.99 0075 

36035 38.76 2096 0074 

41.53 44.16 3000 0.74 

Gain 
mOle/sec x 10-6 

0.90 

1.81 

1093 

2034 

2057 

2.41 

2.63 
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FIGURE 14 

Plot of aydrogen Oyanide and Water Yield as a Funotion 
of Dimethyl Ether Flow Rate ~ Series VI 
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rise and attained a maximum value at a higher critical 

ether flow rate. This was approximately the flow rate 

at which the reaction zone stopped re~eding towards the 

dischargeo 

The water yield followed the hydrogen cyanide yield 

pattern j attaining tts maximum value at the same critical 

ether flow rate. 

As in the case of the methanol reaction this sug­

gests that the products are formed mole per mole of di­

methyl ether reactedo The stoichiometry of the reaction 

ls illustrated by the equation 

which gives a value of two for the ratio of hydrogen 

cyanide to water. However, in the case of the electrode­

less discharge the ratio was 2.5, while for the condensed 

discharge it was 4.0Q It is therefore evident that the 

stoichiometric equation does not adequately describe the 

reactiono 

Furthermore, the formation of glycollic acid nitrile 

does not account for the difference between the stoichio­

metric ratio and the obtained ratio since two carbon atoms 

are present for every oxygen atom in this compound. This 

is illustrated by the stoichiometric equation 

The difference must then be due to other reactions as 



witnessed by the formation of noncondensible products. 

The extent of these reactions can only be inferred from 

the variations in this ratio since it was impossible to 

estimate the amounts of noncondensible products. 

84 

The glycollic acid nitrile was formed at approxi­

mately the same rate as the hydrogen cyanide in the case 

of the electrodeless discharge as indicated by the amount 

of liquid formed. Fior the condensed discharge it was 

lower by at least a factor of two. This is reflected in 

the observed gain in moles recorded in Tables VI and VII. 

REACTION OF ACTIVE NITROGEN WITH ACETONE 

Characteristics of the Reaction 

This reaction was carried out to determine whether 

other hydrogen cyanide addition compounds could be ob­

tained. Only one series of experiments were carried out 

using the condensed discharge type of activationo 

Series VII - Condensed discharge» activating nitrogen 

flowing at a rate of 5.2 x 10-5 mOle/sec and at a pressure 

of 106 mm Hg. At the two lowest acetone flow rates two 

reaction zones were obtained somewhat similar to those 

obtained at the lowest dimethyl ether flow rate in Series 

VI. The reaction zone in the tube leading to the dis­

charge was red or lavender and extended from 10 to 15 cmo 

above the reaction vesse) 8 wh11e that in the reaction 

vessel fl11ed the entire volume and was very faint. 
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Unlike the ether case however, the two zones were sepa­

rated by a 10 cm. region of intense nitrogen afterglow, 

and some afterglow was visible up to the first trap 

where a blue glow was visible. At an acetone flow rate 

of 19 x 10-6 mOle/seo the glow in the trap was no longer 

detected and the lower reaction zone had almost disap­

peared completely. The nitrogen afterglow was almost 

completely destroyed by the first reaction zone. As the 

acetone flow rate was further increased the reaction 

flame in the tube increased in intensity and changed 

in colour from red to violet. 

Products of the Reaction 

Only hydrogen cyanide could be analysed by titration. 

Mass spectrometric analyses of the condensible products 

showed the presence of unreacted acetone and acetaldehyde 

in considerable quantities and also confirmed the absence 

of water. Analysis of the noncondensible products only 

revealed the presence of hydrogen, although carbon mon­

oxide"which has the same mess as nitrogen, might have 

been present in amall quantitieso 

For the three lowest flow rates, which showed two 

reaction zones, an oil was obtained in small amounts. 

This oil had similar physical properties to the liquid 

obtained in the dimethyl ether reectiono However, it wes 

decomposed upon heating into acetaldehyde and BeN. 
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The results of the hydrogen cyanide analyses are 

shown in Table VIII. This table is divided lnto two parts; 

the first part gives the hydrogen cyanide values obtained 

without decomposlng the oil by heating, and the second 

part gives the hydrogen cyanide values obtained when this 

decomposition wes carried out. The two sets of data are 

plotted in Fig. 15. 

From these curves it is seen that the hydrogen cya­

nide yield increased rapidly at flrst and leveled off 

sharply when the critical acetone flow ratewas reached, 

and reroalned constant afterwards. This indicated that 

maximum reactivity was also attained here. 

The stoichiometric equations capable of explaining 

the production of acetaldehyde and hydro~en cyanide are: 

CH3COCH3 + i N2 ~ 2 HCN + CO + 2 H2 0 00 (4) 

CH3COCH3 + N2 ~ CH3CHO .+ HCN + i H20 •• (5) 

In both cases an lncrease of one mole of condensible 

products should result for each mole of acetone consumed. 

Failure to do so was caused by the fact that some of the 

acetaldehyde polymerized during distillation to the sample 

bulb. When the addition product 1 lac tic acid nitrile 

CH3CH{OH)CN, was obtained the mass balance deficits were 

large and remained larger than in the other cases after 

decompostion of the nltrile ainee this deeom.position was 

accompanied by polymerization. 



Comments 

Oi~p not heated 

011 9 not heated 
1 
(Xl 011 p not heated ..::/ 
0 

No oi1 

NO oi1 

No oi1 

No oi1 

Oi1, heated 

Oil, heated 

Oi1, heated 

TABLE VIII 

HYdrogen Cyanide and Condensible Produots Yield 
with Various Aoetone Flow Rat.es - Series Vlr 

Aoetone Produots Hydrogen Cyanide 
mOle/sec x lO~ô mOle/sec :x: 10'~ô mOle/sec x 10- 6 

6067 5043 1027 

12 . 58 13079 2062 

19 . 01 21003 3029 

26.12 28047 3068 

33.51 35077 3073 

40 084 43022 3085 

48.16 50053 3084 

6.61 6055 1 .. 95 

12085 14024 3007 

19000 21 .. 02 3048 

Gain 
mOle/seo x 10~6 

<=>1024 

1.21 

2002 

2035 

2026 

2 .. 38 

2037 

-0006 

1039 

2002 
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DISCUSSION 

GENERAL COMMENTS 

In most investigations of reactions involving re­

actants produced by electrical discharges collision yields 

are calculatedo The oollision yield is defined as 

the rate of the primary process 

the number of collisions per cO o per seco 

The numerator is determined experimentally on the assump­

tion that the initial process is rate determinidgo The 

denominator, the collision number j may be calculated from 

the kinetic theory. However, this calculation requlres 

some knowledge of the concentration gradient down the 

reaction tube, and of the reaction timeo In previous 

investigations of active nltrogen two alternative assump­

'ti.CillS have been employedo First j the reactant gases were 

assumed to be thoroughly mixed over the entire reaction 

zone which was then taken to be the volume of the reao­

tion vessel. Alternately, complete streamline flow was 

assumed. The results of both these alternatives were 

reported and the true results were assumed to correspond 

to an intermediate condition. 

However, for the investigation reported here it is 

very doubtful whether either assumption is applicable for 

the following reasons: 

-89= 
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1:- The reaction time cannot be calculated simply from 

the flow rate and the volume of the reaction vesselo At 

low flow rates of reactants the reactlon flame fllled the 

entire vessel, while at high flow rates lt was conflned 
, 

to a ten centimeter reglon of the connecting tube in the 

case of the condensed discharge, or to a 2-3 cmo region 

at the jet in the case of the electtodeless dischargeo 

2:- There is some suggestion that part of these reac-

tions proceeds heterogeneously on the walls, which i~~ 

valldates collision yield calculationso 

3:- Two reaction zones separated by a dark space were 

observed in the dimethyl ether reaction at low flow rateso 

In the acetone reaction the two zones were separated by 

a region of intense afterglow o 

These observations suggest that the reactions do not 

proceed with uniform consumption of the reagents down the 

flow path. This behaviour is somewhat reminiscent of the 

cool~flame reactions ia which alternate zones of high 

reactivity oceuro If induction periods and possibly 

"whale-sardiné" mechanisms are also involved in these 

activ~ nitrogen reactions the usual collision yield calcu-

lations can not_be appliedo 

Although quantitative estimates of collision yields 

and activation energies can not be made it might be point-

ed out that complete consumption of the reactant gas was 
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never obtained with the conditions employed o These con­

ditions in the case of the condensed discharge were simi~ 

lar to those used by Winkler and co-workers {38} (39} (40) 

for hydrocarbon reactions. Complete consumption of the 

hydrocarbons at low flow rates was reported in the case 

of olefins but not in the case of paraffins. It would 

therefore appear that the substances used in this work 

are Iess reactive towards active nitrogen than the ole= 

fins and more comparable to the paraffins. 

REACTION OF ACTIVE NITROGEN WITH METHANOL 

Since this reaction was the one most thoroughly in~ 

vestigated it will be dlscu8sed firsto 

The initial attack of active nitrogen can occur in 

at least two ways. If the activity resides in dissoci= 

ated nitrogen a reaction complex could be formed as 

postulated in the reactions with the hydroearbons 

CH30H + N ~ Collision complex 

The point of union of the nitrogen atom is probably the 

carbon atom sinee the only nitrogen containing product 

found was hydrogen cyanideo 

The deeomposition of the collision complex might 

then proeeed by splitting off of the OH radical 

Collision complex ---4- NCH3 + OH . 0 0 (2) 

followed by 

NCH3 ~ HCN + 2H 000 (3) 
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the hydrogen probably coming off as atomic rather than 

molecular hydrogeno The alternate decomposition of the 

NOH3 fragment 

0 •• (4) 

was ruled out in the studies of the reaction of active 

nitrogen with ethane since the formation of a large 

amount of methane, to be expected rrom methyl radical 

reactions, did not occur. For that reaction it was con­

cluded that the complex 1'ormed HON exclusively and that 

the rearrangement proeeeded rapidly. 

The water could then be formed by the reaction of 

OH radicals with atomic or molecular hydrogen 

OH + H ~ H20 ••• (51 

OH + H2 ---? H20 + H 00.(6) 

The breakdown of the initial eomplex into NCH3 and 

OH fragments would oeeur rapidly and to a large eXtent 

if the collision complex has a reasonable lifetime. Geib 

and Harteck (gO) have presented evidence that the atomic 

nitrogen-hydrocarbon complexes have a reasonable stabili­

ty. However, complexes in which a polar group, such as 

OH is present might not be expected to have as great a 

stabilityo 

If the reaction proceeds by the above mechanism ex­

clusively the main products should be hydrogen cyanide 

and water in equal proportions. However, in the experi-
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ments wi~h the high frequency discharge more water than 

hydrogen cyanide was formed even though some of the oxy­

gen appeared as molecular oxygena The ratios of the 

rates of water to hydrogen cyanide formation became larger 

as the aotivity increased, being 100, l~l and 102 respeo­

tively at maximum reactivity in eaoh series of experi­

menta. The mechanism as outlined above is incapable of 

explaining this observation. 

On the other hand in the case of the condensed dis~ 

charge the water yield was actually lower than the hydro­

gen cyanide yield~ the ratio being 0095 at maximum reac­

tivity. However~ in this case more' molecular oxygen was 

formed, perhaps as the result of an increased amount of 

wall reactiqn. According to Oldenberg and Rieke (91) OH 

radicals react more readily with hydrogen than with them­

selves. Even if the reaction between OH radicals 

ooo{7} 

were to proceed in the gas phase~ the formation of water 

would still be the main product since the peroxide is 

readily destroyed by the reactions: 

H202 + OH ~ H20 + °2H 000(8) 

H202 + H ---)0 H20 + OH 000(9) 

°2R + Ha ~ H20 + OH .0.(10) 

According to Rodebush~ Wende and Campbell (92 ) the re-

action 
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OH + OH ~ H20 + ° o •• (11) 

does not occur. Reaction (lll or decomposition of the 

peroxide radicals to form molecular oxygen could, however, 

occur at the unpoisoned walls in this reaction. All at­

tempts to detect the presence of peroxides in the products 

were unsuccessful o 

The role of the walls in this reaction is well il­

lustrated by the difference in the results obtained from 

the two methods of activation. For the electrodeless 

discharge the reaction zone was always in the center of 

the flask and wall reactions were minimized. Under such 

conditions most of the oxygen originally present in the 

reacted methanol appears as water. On the other hand the 

reaction zone for the condensed discharge~ at all flow 

rates, was always in contact with a large wall area and 

more molecular oxygen was obtained. This then may be the 

explanation for the lower rate of formation of water than 

hydrogen cyanide in the condensed discharge reactiono 

Further evidence for the failure of the mechanism 

outlined above to adequately explain the overall reaction 

is provided by a consideration of the number of moles of 

HCN and H20 formed compared to the possible maximum for­

mation of these as given by the stoichiometric equation 

CH30H + N -) HCN + H20 + H '.0 (12) 

corresponding to the mechanismo 
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The rate at which the methanol reacted was obtained 

by taking the difference between the methanol input and 

the calculated methanol recoveryo The latter was arrived 

at by taking the difference between the number of moles 

of product collected and the sum of the hydrogen cyanide 

and water yields since no other condensible products 

could be detectedo The ratio of the actual sum of the 

hydrogen cyanide and water ylelds to the maximum possible 

sum. as obtained from. the stoichiometric equation was also 

calculated. Finally the rate of formation of other 

products besides HCN and H20 was calculated by taking 

the difference between the possible and actual SUffi of 

the hydrogen cyanide and water yieldso These other 

products were identified qua1itatively as metha~e ~ oxy­

gen and ethane but could not be analyzed quantitative1y o 

The results of the above ca1culations for series of ex­

periments l to IV are recorded in Tables IX to XII re~ 

spec ti v e1y. 

From these Tables lt ls c1early seen that the ratio 

of the actual to the possible sum of HCN and H20 ylelds 

never exceeds the value of 0075 0 This discrepancy is 

not sole1y due ta some decomposition of OH radicals since 

the ratios of HCN ta twice the methanol consumed are only 

0074, 0.57~ 0 . 47 and 0077 at maximum. reactivlty for 

series l to IV respectivelyo 



TABLE IX 

Series 1 - Galculated Data at Various Methanol Flow Rates 

CB~OH CH30H HON H20 Possible Other Ratio 01' actual 
products by to possible input reacted yield yield HON + HaO d1ft'erence HeN + HaO 

2090 0 . 38 0024 0021 0076 0031 0.60 

7~0"1 0061 0039 0.37 1022 0.46 0.62 

9. 83 0.63 0039 0.39 1.26 0.48 0062 

12017 0.58 0039 0.42 1 .16 0 035 0.70 

18 0 40 0.54 0 0 39 0.42 +.08 0.27' ' 0 075 

All rate values are given in mOle/sec x ~-6 o 

TABLE X 

Series II - Calculated Data at Various Methanol Flow Rates 

CH30H CB30H Hem H20 Possible Other Ratio 01' actual 
products by- to possible input reaêted yiéld yield HCN+H20 dltference HON + H20 

3 056 0.88 0046 0.,52 1.76 0.78 0.,56 

7.8Q 1.44 0081 0094 2088 1.13 0 . 61 

10 064 1057 0 . 88 1001 3 0 14 1025 0060 

13 0 36 1072 0099 1.15 3 0 44 1.30 0062 

15097 1089 1.11 1.23 3 . 78 1.44 0.62 

19023 2005 1 0 25 1.34 4010 1051 O~63 

22.81 2025 1029 1045 4050 1076 0 0 61 

2509' 2 014 1031 1046 4028 1051 0065 

32 032 2026 1.29 1.44 4052 1079 0.60 

All rate values are given in mOle/sec x 10-6 • 

-~6-



TABLE XI 

Series III - Caloulated Data at Various Methanol Flow RatetS 

CHSOH CH50R HON Ha0 Possible Other 
input . reaoted y1eld y1eld HON + RaO produots by 

difterenoe 

1.41 0.71 0.63 1.48 

2.41 1.25 1.27 4.82 2,,30 

3 0 00 3.00 

12038 2.97 1.49 1056 2.89 

12.45 1048 1055 5.78 2.'75 

18044 1.76 2,,02 

25.81 3.77 1. 78 2.10 7054 3066 

32.23 1.77 2007 3.66 

Al1 rate values are given in mOle/sec x 10-6• 

TABLE XII 

Ratio ot actual 
to possible 

HON + R20 

0.52 

0.52 

0.51 

0.51 

0.50 

Series IV - .CaloulatedData at Various Methanol Flow Rates 

Other 
GR30R CH30R BON RaO Possible products by 
input reaoted yield yield HCN t RaO ditf'erenoe 

2.89 

3061 

14.36 4072 

19.57 

26.16 4.87 

32.42 4.80 

39010 4078 

1.44 1.13 

20~ 2.42 9.44 

3.25 3004 10004 

3071 3 0 39 9.60 

3,,21 

3.75 

2099 

2048 

All rate values are g1ven in mOle/sec x 10~60 

Ratio of' actual 
to possible 

HON .+ RaO 

0056 

0 0 56 

0.69 

0.74 

0.75 



98 

It will be noted that the ratios for the condensed 

discharge, series IV 9 and for the low reactivity with the 

electrodeless discharge, series I~ are comparable. The 

variation in the extent of the reaction corresponding to 

the variation in the intensity and size of the reaction 

flameo In addition, for the electrodeless discharge 

reactions~ the ratios decreased in the first three series 

as the activity of the nitrogen increased o 

Therefore it would appear that the hydrogen cyanide 

formation is not exclusively associated with the initial 

attack of active nitrogen on the methanol moleculeo In 

the series of experiments with the electrodeless dis­

charge in particular the formation of other carbon con­

taining compounds besides HCN such as methane,.ethane 

and possibly some carbon monoxide~ in amounts comparable 

to HCN~ indicates that methyl radicals as well as other 

radicals might also be formed in the initial stepo 

A method of formation of methyl radicals might be 

Collision complex + N ~ N2 + CH3 + OH 00 0(13) 

but sinee the atom concentration in the active nitrogen 

system is low it ls doubtful whether the collision com­

plex could have a sufficient lifetime to permit reaction 

(13) to proceed to any appreciable extent o 

An alternative method of active nitrogen attack 

could be the transfer of energy from active nitrogen to 
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the methanol molecules in a manner analogous to mercury 

photosensitization reactions . There are several excited 

molecular species of nitrogen present in the afterglow 

with sufficient energy to break the bonds in the methanol 

molecules. These include the triplet states with ener-

gies of ô to 12 volts above the ground state as well as 

singlet states with energies of 8 to 16 volts above the 

ground state. 

The splitting of the methanol molecules could occur 

in various ways su ch as~ 

+ N~ ~ CH3 + OH + N2 

"* + N2 ~ CH20H + H + N2 

••• (14) 

••• (15) 

The hydrogen bond in reaction (15) would be expected to 

break at the carbon atom rather than the oxygen atom in 

view of the resultsof hydrogen atom and methyl radical 

reactions with methanol as well as the mercury photosen= 

sitization of methanol o 

Of all the possible initial reactions, reaction (14) 

can best be made to account for the large water yieldo 

This is in accord with the strong intensity of the OH 

spectrum observed in the reaction flame . If this re-

action is the main initial reaction the formation of 

large amounts of noncondensible products - under the ex-

perimental conditions prevailing in this work - can be 

explained. The ethane would result from the CH3 radical 
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recombinations 

000(16) 

The amount of ethane would be very small, as observed, 

since the methyl radicals would more readily form methane 

by reacting with the hydrogen formed in the reaction or 

wi th the excess methanol as in the following reactions: 

CH 3 + CH30H 

CH3 + CH20H , 

--7 CH4 + CH20H 

--7 CH4 + BCHO 

which are known to occur readilyo 

000(17) 

000 (18) 

The CH20H radicals and the formaldehyde resulting 

from these reactions must be readily subjected to further 

attack since no ethylene glycol or formaldehyde were 

detectedo Reaction (18) has been postulated to be very 

rapid in studies on the reaction of methyl radicals with 

methanol. 

Decomposition of formaldehyde has been postulated 

to ocour by the two fast reactions: 

HOHO + CH3 -7 OH4 + HCO 

HOO + CH3 --7 CH4 + CO 

000(19) 

000(20) 

which may play important roles in this reaction due to 

the possible presence of a high OH3 radical concentration. 

The formaldehyde might also te decomposed by the abstrac­

tion of H atoms by the OH radicals to form water: 

HOHO + OH -7 H20 + HOO 0 0 0 (21 ) 

HOO + OH -) H20 + 00 0 0 0 ( 22 ) 



These reactions would also lead to the loss of carbon 

atoms as nqncondensible carbon monoxide o 
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The absence of even traces of formaldehyde in the 

products might also be due to the fact that any formalde­

hyde not decomposed in the reaction zone may polymerize 

upon solidifying in the liquid air traps. This would 

explain the formation of the small amount of white solid 

at the upper portion of the first trap just above the 

liquid air levelo This solid waB formed during the re~ 

action and not upon melting the products in the traps 

sinee in this case a similar formation would be expected 

throughout the trapso The fact that the deposit occurred 

at or even slightly above the liquid air level and that 

it could not be melted without charring» suggested a 

polymerized material formed from a readily condensible 

compound such as formaldehyde o It cannot be considered 

to be a polymerized addition compound of formaldehyde 

and hydrogen cyanide since in the dimethyl ether reaction 

the addition product, glycollic acid nitrile, was formed 

in large amounts without any indication of polymerization. 

In addition, glycollic acid nitrile could be readily 

froze~j melted and distilled without any appreciable 

polymerization. 

In this case the hydrogen cyanide could be formed 

by the reaction of active nitrogen with CH3 radicals: 
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CH3 + N --7 HON + H2 

CH3 + Nt --7 HON + N + H2 

ooo(23} 

00 0 (24) 

The reaction of excited molecular nitrogen, reaction (24)>> 

is just as probable as that of atomic nitrogen since 

several of these excited states have energies in excess 

of the dissociation energy of the nitrogen molecUleo 

Thus reaction (14) appears capable of explaining the 

experimental results. However, in the mercury photosen­

sitized reaction of methanol no evidence was found for 

the splitting of the carbon-oxygen bondù A reaction 

similar to reaction (15) was preferredo 

Reaction (15) could explain the hydrogen cyanide 

formation if it was followed by reactions: 

CH20H + N ~ HON + OH + H 

CH20H + N~ ~ HON + OH + N + H 

000(25) 

00.(26) 

These two reactions might occur through the formation of 

an intermediate stable complex such as N-CH2~OH which 

rearranges by the splitting off of an OH radioal and a 

hydrogen atome However p 1t could only result in a water 

yield equa1 to the hydrogen cyanide yield» but not largero 

In addition, if a major portion of the reaction 

occurred in this fashion some ethylene glycol would be 

expected as well as formaldehyde since the CH3 radical 

concentration would be much lower than if reaction (14) 

alone were operativeo Furthermore if reaction (15) Is 
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predominant it becomes difficult to explain the methane 

yie1d since ~nder thesé conditionsr~action (17), which 

was _ shown to b e the maj or source bf" me~han€ . forma ti an in 

theCH3 radical reacti6n wi thmethanolj; wouHl. b.e marked1y 

decreased. 

Therefore reaction (14) must be favoured in prefer­

ence to reaction (15} in order to explain the resu1ts. 

The active nitrogen might therefore be considered to be 

more effective than the ~1 mercury atoms in splitting 

the 0-0 bond due to its greater energy contento This 

appears a reasonab1e assumption considering the mucp. 

1arger yield of products obtained by this method of acti­

vation as compared to photosen~itization . Nevertheless, 

reaction (15) would probably occur to some extent since 

it requires slightly less energy than reaction (14Jo 

The preference must be determined by the nature of the 

active constituents of active nitrogeno 

_. The mechanism for the reaction, besides accounting 

for the different products, should be capable of explain­

ing the behaviour of the yield curves for the different 

products. 

In the three series of exper1m.ents wi th the electro­

deless discharge a marked difference occurred in the HON 

yield curves (Fig. 9) and the H20 yield curves (Fig. 10) 

as the chemical reactivity of thè actf~e.nitrogen was 
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increasedo This increase in chemical reactivity was 

associated with an increase in the observed intensity of 

the afterglow which varied directly as the nitrogen flow 

rate (Fig. 11). 

In all three series the reactivity increased rapidly 

at first up to a methanol flow rate of approximately 

7 x 10-6 mOle/sec. The slope of the yield curves varied 

with the reactivity. For the lowest reactivity, Series l, 

the HON and H20 yields remained constant above this flow 

rate and maximum reactivity was achievedo For the inter­

mediate reactivity, Series II~ and the highest reactivity, 

Series III, product formation continued to increase but 

at a greatly reduced rate up to a methanol flow rate of 

approximately 18 x 10-6 mOle/seco The slope of the yield 

curves, especially for H20, varied directly as the re­

activity and the spread between the HON and H20 curves in 

each series increased o Upon further increasing the metha­

nol flow rate the HON and H20 yields remained constant 

and maximum reactivity was achieved o 

These breaks Qr discontinuities "in the yield curves 

in Series II and III were carefully checked for possible 

experimental errors. Upon repeating the experiments in 

a random order for each series identical results were 

obtained and the experiments reported here constitute a 

fair sample of the experiments performed. 
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This behaviour suggests that there are two distinct 

mechanisms operative in this reaction, each leading to a 

series of consecutive reactionso One of the mechanisms 

appears to be predominant at first and the active con­

stituent involved is rapidly oonsumedo This corresponds 

to the initial sbarp rise of the yield curves up to the 

methanol flow rate of 7 x 10-6 mOle/sec o The active 

constituent in this case is most likely atomic nitro­

gen which would reaot much faster due to the possibility 

of direct formation of HeN without passing through inter~ 

mediate radical formationo This would be accounted for 

by the first mechanism suggestedo 

The second mechanism must also be operative since 

it shows that other compounds are formed in addition to 

HeN and H200 

Above the methanol flow rate 7 x lO~6 mOle/sec the 

yield curves of HeN and HeO will continue to increase as 

a result of the second mechanism onlyo The increase in 

reactivity will proceed until all the _8ctivity arising 

from the second mechanism is exhausted; this occurred at 

a methanol flow rate of 18 x 10-6 mole/seco 

For the first series of experiments j Series I, this 

second rise in activity did not occur o This can be ex­

plained by assuming that the amount of excited molecular 

nitrogen and the reactivity derived from these molecules 
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is very low and has reached its maxlmum as rapidly if not 

faster than the reactivity derived fram atomic nitrogen. 

This is in accord with the low intensity of the afterglow 

observed for this series of experimentso 

No discontinuity was observed in the case of the 

condensed discharge. This may be explained by assuming 

that atomic nitrogen is the predominant reactive species 

produced by this method of activation. Certainly the 

total reactivity is much greater in this case even though 

the afterglows are similar in intensityo The maximum 

percentage of the nitrogen which appears in the products 

as HCN was 3.6 in the case of the condensed discharge 

but never exceeded 0013 for the most reactive electrode­

less dischargeo This figure for the condensed discharge 

did not correspond to a complete consumption of active 

nitrogen since the levelling off of the yield curve did 

not occur in this case before back diffusion of methanol 

into the discharge set in. 

The high percentage of atomic nitrogen might also 

account for the difficulty in abtaining reproducible 

results in the case of the condensed discharge. The 

conditions of the walls which in these experiments were 

unpoisoned might be expected to be very important in 

this case. The failure of the second mechanism to play 

an important role in the condensed disQharge reaction 
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might be due to the high percentage of products formed 

in this case. Deactivation of excited molecules by water 

and hydrogen cyanide might re~dily occur. 

In summation then, it appears that there are two 

mechanisms operative in the reaction of active nitrogen 

with methanol, one involving atomic nitrogen and one 

involving excited nitrogen moleculeso Both mechanisms 

appear to be important in the case of the electrodeless 

discharge reaction. 

REACTION OF ACTIVE NITROGEN WITH DIMETHYL ETHER 

The initial attack offers the same two possibilities 

as in the methanol reaction. If the activity resides in 

dissociated nitrogen a collision complex could be formed 

CH30CH3 + N ~. Collision complex o •• (27 ) 

the point of union being the ca~bon atom in aIl proba­

bilityo 

The decomposition of the collision complex might , 

then proceed by splitting the C~O bond, most likely at 

the carbon atom to which the nitrogen atom is attached 

Collision complex ~ NCH3 + OCH3 00. (28) 

followed by reaction (3) to give hydrogen cyanide as in 

the methanol reaction. The water must then be formed by 

reactions of the OCH3 radicals such as 

CH30 + H ~ CH3 + OH ••• (29) 

followed by reactions of OH radicals which lead to water 
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formation. 

The maximum value of the ratio of th.s water yield 

to the hydrogen cyanide yield calculated from the stoi­

chiometric equation 

• 0 .( 30) 

for the above mechanism is 0.50. The maximum value ob­

tained from the condensed discharge experiments is 0.25 

and trom the electrodeless discharge experiments 0.400 

The low value obtained for the condensed discharge may 

be due to the occurrence of wall reactions of the type 

• 0 • (31 ) 

This is in agreement with the larger yields of molecular 

oxygen obtained from these experiments. Molecular oxygen 

could also be formed by the secondary reaction 

• • 0 (32) 

Reaction (29) appears to be the only possible second­

ary reaction capable of explaining the water formation. 

This reaction was also proposed in the investigation of 

hydrogen atom reactions with dimethyl ether. However~ 

only small amounts of water were formed even though the 

hydrogen atom concentrations were certainly higher than 

those expected in the present investigation. It therefore 

appears that some alternative mechanism must be found to 

explain the large water yields. 

Any alternative mechanism must also be 'Capable of 
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explaining the formation of glycollic acid nitrile in 

appreciable amounts. This compound cen not be formed 

readily in the gas or liquid phase by simple addition of 

hydrogen cyanide to formaldehyde which is a possible 

product according to the above mechanism~ Furthermore» 

the similar addition of hydrogen cyanide toacetaldehyde 

in the acetone reaction, to be discussed later, was shown 

to occur only to a small extent and at the lower acetons 

flow rates exclusivelyo 

The energy transrer mechanism could occur in the 

following ways: 

CH3OCH3 + 
CH3OCH3 + 

N~ 2 
N* 2 

~ CH3 + OCH3 + N2 000 (33) 

---7 CH20CH3 + H + N2 0 0 0 (34) 

Neither reaction provides a better explanation for the 

water formation or for the production of the nitrile. 

Reaction (33) would suggest the formation of large a­

mounts of methane which wère not detected Q No stable 

products were found to suggest the occurrence of reac-

tion (34L 

The products observed could be formed if excited 

nitrogen molecules attacked both carbon atoms of the 

dimethyl ether molecules 

• 0 0 (35) 
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The complex could then lead to the formation of glycollic 

acid nitrile as follows: 

Ha 
HO-C 

1 
C-N 
H3 

+ N ~ 
HO CHa CN 

+ 
3H; + N 

Alternately the complex could decompose via: 

H2 
HO-C - N 

-7- 1 Il 
C - N 
H3 

o 0 • (36) 

o 0 0 (37 ) 

The NCH3 complex resulting from this reaction would lead 

to bydrogen cyanide formation as in reaction (3) while 

the HOCHaN complex by decomposing as follows 

••• (38) 

would lead to water formation either directly of by 

subseQuent OH radical reactionso 

ThuB the abGve mechanism can explain the formation 

of glycollic acid nitrile 8S well as water, the differ­

ent yields of these two products depending on the rate 

at which the two rearrangments within the complex occur. 

This mechanism in addition to accounting for the 

products should be capable of explaining the behaviour 

of the yield curves for the dirferent products and should 

account for the differences obtained by the two methods 

of activation . 

In contrast to the methanol reactio~ the yield 
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curves showed no discontinuitieso This suggests that in 

this case the two mechanisms proposed have comparable 

probabilities. The possible formation of a relatively 

stable intermediate may account for the different be­

haviour in the two reactions. 

The tact that glycollic acid nitrile is a more im­

portant product in the electrodeless discharge reaction 

is in agreement with the suggestion that there are two 

reactive species which are produced in different pro­

portions by the two methods of excitation, 

In the case of the condensed discharge reaction the 

nitrile formation becomes less important compared to the 

gaseous products at higher flow rates. This might be 

due to the deactivation of the excited molecular species 

by the increased concentration of products in the re­

action zone under these conditions. 

In the case of the electrodeless discharge reaction 

on the other hand the amount of nitrile formed increases 

with increasing dimethyl ether flow rates. This could 

be explained by aga in assuming that a smaller proportion 

of atomic nitrogen is produced by this method of acti­

vation, 

The occurrence of two reaction zones at the lower 

dimethyl ether flow rate in the case of the condensed 

discharge might be due to the incomplete removal of one 
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of the active constituents in the upper reaction zone 

which, upon coming into contact with the greater dimethyl 

ether concentration at the inlet jet, proceeds to react 

further. Since no afterglow was visible in the dark 

space between the two reaction zones, the active con­

stituent cannot be one which leads directly to the pro­

duction of the afterglow. 

In summation then, it appears that as in the case 

of the methanol reaction two species.must be invoked to 

explain the formation of the products obtained and the 

behaviour of the reaction. However, in the methanol 

reaction the excited molecules were postulated to act 

via an energy transfer mechanism whereas in this reaction 

it is suggested that they first form a relatively stable 

intermediate. 

REACTION 01 ACTIVE NITROGEN WITH ACXTONE 

This reaction was studied briefly to investigate 

the formation of hydragen cyanide addition compounds with 

aldehydes. 

As in the two previous reactions there exist two 

possible modes of attacko The atomicattack which passes 

through the formation of a collision complex' 

CH3COCH3 + N ~ Collision complex o .• (39) 

followed by its decomposition 

Collision complex ~ NCH3 + CH3CO ••• (40) 
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The hydrogen cyanide is then formed as in reaction (3) 

and the CH300 radicals rapidly react to form acetaldehyde 

by: 

CH300 + . H ~ CHi3CHO 

CH300 + H2 -7 CH3 CHO + H 

o 0 0 (41) 

00 0 (42) 

or can undergo further reaction with atomic nitrogen 

CH 300 + N -7 HON + 00 + H2 000(43} 

The molecular attack could proceed through energy 

transfer reactions as follows: 

CH300CH3 + N~ ---;) CH300 + CH3 + N2 o • 0 (44) 

CH300CH3 + N* 
2 ~ CH200CH3 + H + N2 •• 0 (45 ) 

~he radicals thus formed leading essentially to the same 
. , 
products as in the atomic attack., 

The reaction was not studied in sufficient detail 

to permit a more comprehensive discussion of the meèha-

nism. Suffice it to say that from thebehaviour of the 

yield curves for hydrogen cyanide this reaction is siml­

lar to the methanël- reaction, both leading to the for­

mation of the same amount of HON at maximum reactivityo 

However, the attainment of maximum reactivity is achieved 

at a lower flow rate of acetone than of methanolo 

In this case the lactic acid nitrile could be formed 

by a rearrangement of the acetone-nitrogen atom complex 
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Its formation occurred onlyatlow Bcetone flow rates, 

that is at flow rates below those corresponding to com­

plete consumption of active nitrogenc This is exactly 

the range of flow rates at which two reaction zones were 

detected, one in the tube leading to the discharge vessel 

and one in the reaction vessel " 

However, in this case the two reaction zones were 

s~parated by a region of intense afterglow as if the 

reaction in the upper region only removed active con­

stituents not directly involved in the production of the 

afterglow o This would suggest that a different aotive 

species has been removed in this reaction ~B comparad to 

the dimethyl ether reaction where no afterglow was de­

tected between the two reaction zones o Therefore the 

removal ?f different active constituents might be an 

explanation for the presence or absence of an afterglow 

between two reaction zoneso 

The fact that the afterglow persisted up to acetone 

flow rates of 20 x 10-6 mOle/sec while it wes always 

destroyed at the lowest methanol or dimethyl ether flow 

rates which were about one fourth of this figure seems 

to indicate that in reactions where OH or 00H3 redicals 

and water are present the excited moleoules are rapidly 

deactivated by collislono In the aoetone reaotion where 

no water was formed it appears that oompounds or radicels 
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suoh as CH3CHO, GH3COCH3 , CO and CH3CO are less effeotive 

in deaotivating the exoited nitrogen moleouleso 

Whether or not the above assumptions are oorreot 

the important faot remains that above aoetone flow rates 

of 25 x 10-6 mOle/seo no more laotio aoid nitrile oould 

be deteoted even though there was still a large amount 

of aoetaldehyde and hydrogen oyanide formedo This is 

olearly shown by the values reoorded in Table VIII and 

summarized in Figo 150 From this it is seen that the 

formation of aoid nitriles (whether glyoollio as in the 

dimethyl ether reaotion, or laotio as in the aoetone 

reaotion) must ooour during the reaotion by a rearrange­

ment of oollision oomplexes and not by subsequent ad­

dition of hydrogen oyanide to the respeotive aldehydes~ 



SUMMARY 

l - The reaction of active nitrogen with methanol waa 

shawn to lead to the formation of HCN~ H20 which were 

detected quantitatively and CH4' 02, C2Hô which were 

detected qualitativelyo 

2 - The reaction was explained by postulating two reactive 

specie~ in active nitrogen. Atomic nitrogen was as­

sumed to react by a mechanism involving the initial 

f~rmation of a collision complexa A second mechanism 

involve~ the transfer of energy from excited molecular 

nitrogen to the methanol molecule. The first mecha­

nism appeared to be more important in the case of the 

condensed discharge, the second in the case of the 

electrodeless dischargeo 

3 - The reaction with the condensed discharge appeared to 

be partly heterogeneouso The percentage of active 

nitrogen ca1cu1ated from maximum nitrogen found in 

the products was 306 in the case of the condensed 

discharge and 0013 in the case of the electrodeless 

discharge. 

4 - The products of the reaction of active nitrogen with 

dimethyl ether were HC~, H20, glyco~lic acid nitrile, 

02 and CH40 

5 - In the dimethyl ether reaction the excited molecular 

• -116-
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nitrogen was postulated to form an addition complex 
, 

with the ether molecule in order to 6xplain the for-

mation of large amounts of glycollic acid nitrile. 

The detection of two reaction zones separated by a 

dark space again suggested the presence of two re-

active specles o 

6 - The reaction of acetone with active nitrog en produced 

by the condensed discharge led to the formation of 

HON, CH3CHO and in addition, to lacti,c acid ni trile at 

low acetone flow rates. ' 

7 - The formation of lactic acid nitrile was assumed to 

result from the rearrangement of the acetone atomic 

nitrogeh cOffiPlex. Two reaction zones, in thls case 

separated by a region of afterglow, were also observedo 

8 - It appears that the nitrogen afterglow is readily 

destroyed by R-O radicals or R-OH compounds (~here R 

stands for H or CH3 ) and less readily by R-OO radicals 

or R-OO-R compounds o 
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